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Abstract
Lubet, Philippe Pierre. M.Sc. The University of Memphis August, 2014.
Synthesis and Photochemistry of Alkylated Photochromic Manganese Complex
Precursors. Major Professor: Theodore J. Burkey, Ph.D.
Two alkylated cymantrene derivatives, one disubstituted Mn[ε5-C5H3(β{CH2}6CH3)CH2CO(C5H4N)](CO)3, (4) and one monosubstituted Mn[ε5C5H4CH({CH2}6CH3)CO(C5H4N)](CO)3 (10) have been synthesized and
characterized spectroscopically. UV photolysis of 4 and 10 in n-heptane resulted
in the formation of chelates Mn[ε1:ε5-C5H3(β-C7H15)CH2CO(2-py- κ-N)](CO)2 (14)
and Mn[ε1:ε5-C5H4CH(C7H15)CO(2-py-κ-N)](CO)2 (16), respectively. Both
resultant purple chelates exhibit an N-chelate spectroscopically based on
previous analysis of Mn[ε1:ε5-C5H4CH2CO(2-py- κ-N)](CO)2 (3). TRIR
experiments with UV photolyzing (4) in n-heptane yielded a mixture of Mn[ε1:ε5C5H3(β-C7H15)CH2(CO- κ-O)(2-py)](CO)2 (13) and 14 (O- and N-chelate,
respectively) with a greater abundance of 13 within the ns timescale. The
opposite is noticed within the ns timescale when 10 is UV-photolyzed in nheptane (greater abundance of 16 than Mn[ε1:ε5-C5H4CH(C7H15)(CO- κ-O)(2py)](CO)2) (15). The rate of conversion of O-chelate 13 to N-chelate 14 (k = 1.6 x
10-2 s-1) is slower than the conversion of O-chelate 15 to 16 (k = 1.2 x 10-3 s-1).
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Chapter I
Introduction

All compounds have been abbreviated to an emboldened number (e.g. 1)
throughout the document. Consult the Table of Compounds in Appendix for
detailed information about each.
The purpose of my research was to synthesize and photolyze a bistable,
soluble, organometallic complex based on a molecule previously synthesized 1
which would lead to a photochromic system.1 Photochromism is defined as a
reversible, light-induced color change of a given substance.2 Often
photochromism is a transformation between two isomers initiated by light, where
the two isomers have different absorption maxima λ1 and λ2, and the
isomerization is always reversible.3 Photochromic compounds have been
studied for their potential use as optical storage devices.4
Various chemical species have been previously studied which exhibit this
phenomenon such as organic (e.g., diaryl- and diheteroarylethenes, spyropyrans,
aziridines, spirocyclopropenes/spiro[1,8-a]dihydroindolizines5-8) and inorganic
compounds (e.g., metal oxides, transition metal carbonyls, Ag9). In more recent
photochromic studies, organometallic species have been a focus. Generally,
organometallics are attractive because of their synthetic diversity through a
variety of ligands and metal centers.10
The Burkey group is currently exploring cyclopentadienyl manganese
tricarbonyl derivatives as possible photochromic organometallics. Besides being

1

thermally-stable, CpMn(CO)3 was previously reported to have quantum yields of
0.65 or greater for photosubstitution of ligands.11
Previous research demonstrated the first photochromic response at the
metal center of (ε5-C5H4CH3)Mn(CO)2 producing bistable isomers. As shown in
Scheme 1, C5H4Mn(CO)2L is formed where X represents a nitrile or alkene
substituent. Irradiation of the isomers with light caused a change in color. While
the pyridine/nitrile and CpMn(CO)2 pairing showed photochromic properties,
fatigue was noticed upon further irradiation. The fatigue (reportedly due to cage
escape of the ligand) was eliminated when excess ligand was present. To avoid
using a large excess, a ligand would have to be tethered to the Cp-ring to reduce
fatigue.12

Scheme 1. A metal carbonyl and an untethered ligand bistable photochrome

The elimination of solvated species during photosubstitution of a ligand
was first described with tethered pendant sulfides (Scheme 2).13 C5H4Mn(CO)3
derivatives were synthesized having pendant mono, bis, or tris-sulfide
substituents attached to the Cp-ring. Upon irradiation in heptane, the mono- and
bis-pendant sulfides were shown to form chelates and regiosolvates where the

2

latter converted to chelates. The studies of the system with three pendant
sulfides showed significantly different results. No solvated species was produced
upon irradiation.

Scheme 2. Effects of photolysis on mono, bis, and tris- pendant sulfides

The exclusion of solvation was attributed to the ultrafast chelation of a
pendant sulfide given that one sulfide was always within close proximity of the
manganese center. The group surmised from this discovery that a tethered
ligand could cause ultrafast chelation if the ligand was near the metal center
upon irradiation.
With this information, a side product of an intended target incorporating a
tethered photoswitchable pyridine/alcohol moiety was probed. Tricarbonyl[ε5-(2oxo-2(2-pyridinyl)ethyl)cyclopentadienyl] manganese 1 was synthesized and

3

tested as a possible photochromic system in n-heptane.1 As shown in Scheme
3, when 1 is irradiated it forms mostly O-chelate which has a blue chromophore.
However, the O-chelate 2 thermally rearranges to the N-chelate 3 (purple
chromophore) at room temperature. The O-chelate 2 could be reformed by
irradiation of N-chelate 3 with visible light making this system photochromic but
not bistable.
Most problematic, once 3 is formed it precipitates in n-heptane. As the
precipitate forms, 3 is no longer uniform within the matrix of the solution so a
reversible, photon-driven conversion of 3 to 2 cannot easily be ascertained in nheptane. The purpose of this research was to develop methods of making
photochromic cymantrene derivatives that are soluble in non-polar media so they
could be studied by ultrafast time-resolved IR.

Scheme 3. Photolysis of 1 in n-heptane

4

The hydrophobicity of an alkyl chain attached to 1 should increase its
solubility in a non-polar solvent.14-15 Attaching an alkyl chain would help either
chelate remain in solution after irradiation of the tricarbonyl species in n-heptane.
Two aspects of a β-alkylated derivative were taken into consideration; its
solubility and its reactivity given the placement of a heptyl chain on the Cp-ring 4.

Figure 1. Structure of tricarbonyl target 4

Initially the method of constructing 4 was to perform a Friedel-Crafts
acylation of the starting material 5 (Scheme 4). The choice to acylate and reduce
the resultant ketone was simple; the Friedel-Crafts alkylation reaction results in
polyalkylation.16 Note that there have been successful attempts at alkylating a
cyclopentadienylmanganese tricarbonyl substrate with not only polyalkylation but
also inorganic carbonyl migration forming a bulky acyl group by-product.17
By acylating 5, it was assumed that the heptanoyl substituent would form
at the β-position with respect to the methyl substituent 6 with the intention that
steric effects would cause a regiospecific acylation. Furthermore, acylating the
Cp-ring would render the aromatic ring electron-deficient (from the withdrawing
nature of the carbonyl, as suggested by HF/STO-3G calculations) which would

5

prevent the addition of multiple acyl chain substituents.18 After successfully
placing a heptyl substituent on 5 to form 7 (via reduction of 6), a simple
nucleophilic acyl substitution was performed to add a picolinyl group to the
methyl substituent attached to the Cp-ring (Scheme 4).

Scheme 4. Proposed synthesis of 4
To avoid nucleophilic substitution at the α-carbon of the heptanoyl chain
on 6, a ketal was formed at the organic carbonyl site of 6 (Scheme 5) to form 8.

Scheme 5. Synthesis of 8 via ketal formation

6

Another synthetic scheme (Scheme 6) was the acylation of 1 (forming 9)
followed by a selective organic carbonyl reduction to form 4.

Scheme 6. Alternate synthesis of 4

Another tricarbonyl analog of 1 was designed with a heptyl chain attached
at the rotating pendant 10 (Figure 2). The reason for forming 10 was simply to
have a constitutional isomer of 4 and observe whether a heptyl chain would
interfere with any photochemistry as a second, bulky, non-chelating pendant.
Two ways of synthesizing 10 were attempted: one-pot synthesis (Scheme
7) and two-step synthesis (Scheme 8). The first synthesis is simply an addition
akin to the formation of 1 in its anionic form, followed by alkylation by addition of
1-bromoheptane. Alternatively, 11 can be acylated and subsequently reduced to
form 12. A simple deprotonation of 12 is then followed by an addition of the
picolinyl pendant functional group.

7

Figure 2. Structure of tricarbonyl 10

Scheme 7. One-pot synthesis of 10

Scheme 8. Two-step synthesis of 10

Ultimately, a successful synthesis of compounds 4 and 10 would lead to
various spectroscopic studies (FTIR, UV-Vis, time-resolved IR) probing each
compound after they have been irradiated with UV light in n-heptane (Scheme 9).

8

Upon ejection of a carbonyl ligand via irradiation, 4 and 10 convert to 13 and/or
14 and 15 and/or 16, respectively. This can be confirmed experimentally (FTIR,
UV) by observing a redshift in absorption based on previous photolysis
experiments of 1.19

Scheme 9. Irradiation products of 4 and 10 (separate) in n-heptane.

Another class of tricarbonyl complexes was synthesized for photochemical
reactions and spectroscopic analysis. Following formylation of 11 to form 17, a
semicarbazone moiety (Schiff base) was attached to the Cp-ring of a cymantrene
complex (18), and alkylated at the N2-position 19 (Scheme 10).
Constructing these compounds was important to draw spectroscopic
comparisons to the hydrazone series‟ (see Figure 3) chelate(s) upon irradiation.

9

A comparison of stability upon formation of the imino-group N-metal bond was
drawn between the hydrazone chelates‟ and the potential chelates formed from
the photolysis of 18 and 19. A postulation is a hydride migration between the N2
(origin) and the imido nitrogen after converting to chelate.20

Scheme 10. Synthesis of semicarbazone compounds 18 and 19

Figure 3. Structures of the hydrazone derivatives of 1

10

. An untethered hydrazone complex formation was also attempted by
irradiating an equimolar amount of 2-heptanone semicarbazone, 20, in the
presence of 5 (Scheme 11). After performing irradiation studies (using FTIR) for
compounds 18 and 19, the possibility of forming 21 via irradiation, isolating, and
characterizing would aid to determine the chelate site, if any.

Scheme 11. Irradiation of 5 and 20 in n-heptane

11

Chapter II
Experimental Section
General Information

The argon and nitrogen were obtained from Air Products: ultra-pure
carrier grade (argon at NIST, nitrogen at Memphis) for glove boxes and
UHP/Zero-grade for vacuum lines. The vacuum line argon was purified with the
Ace-Burlitch Inert Atmosphere System (Ace Glass Inc.). Methyl cymantrene 5
from Pressure Chemical Company (Pittsburgh, PA) was distilled under vacuum
(80 millitorr) at 54 °C. Anhydrous ethyl ether, sodium hydroxide, hydrochloric
acid, sodium bicarbonate, tetrahydrofuran (distilled under argon over NaK alloy),
hexanes (reagent grade), ethyl acetate (reagent grade), carbon disulfide,
magnesium sulfate, chloroform, petroleum ether, anhydrous methanol, and
anhydrous dimethyl formamide were obtained from Fisher Scientific, Inc.
Cymantrene 11 was obtained from Aldrich. Aluminum chloride was obtained
from Acros Organics. Heptanoyl chloride, octanoyl chloride, anhydrous ptoluenesulfonic acid, trifluoroacetic acid, potassium carbonate, and ethyl
picolinate were obtained from Alfa Aesar. Triethylsilane, 1-bromoheptane,
ethylene glycol, 2-heptanone, potassium tert-butoxide, n-heptane, and nbutyllithium (2.0 M in pentane) were obtained from Sigma-Aldrich. All deuterated
solvents were obtained from Cambridge Isotope Laboratories (CDCl3) or SigmaAldrich (DMSO-d6, toluene-d8, benzene-d6). Glove boxes used were UNLab by
Mbraun, Vacuum Atmosphere, and Innovative Technologies, Inc. (SYS1-2GB
model).

12

Instrumentation

NMR free induction decay files were Fourier-transformed and phased
using NUTS (NMR Utility Transform Software) after they were obtained with a
JEOL 270 MHz NMR spectrometer. UV irradiation (photolysis) of bulk solutions
of material in n-heptane were performed using a Rayonet photochemical reactor
(RPR-100) equipped with eight-300 nm lamps (RPR-3000). UV-Vis spectra were
obtained from an Agilent Technologies (model 8453) spectrophotometer at 0 °C
and 1 nm resolution using a sealed quartz cuvette unless otherwise noted.
Infrared spectra were obtained from a Nicolet 380 FTIR spectrometer using a
temperature-controlled (Harrick temperature-control liquid cell) CaF2 cell (1 mm)
at 1 cm-1 resolution with 16 scans per measurements at -2 °C. Infrared spectra
that were obtained at ambient temperature (~25 °C) with a NaCl 0.1 mm pathlength cell (International Crystals Laboratories, Inc.). A UVP Hg Pen-Ray lamp
(254 nm output, Model #3SC-9) with an Oriel Optics (model C-13-61, 14 μW/cm2
energy output) transformer was used to irradiate sample for all steady-state
photolysis experiments from a 10-cm distance.
All time-resolved infrared spectroscopy (TRIR) experiments were
performed using the NIST picosecond apparatus.21 Modifications to the pulse
compressed, regeneratively amplified (20 Hz), synchronously pumped, dual dye
(R6G, DCM) laser system were made for broadband, multichannel probing and
transient detection using an InSb 256 x 256 IR array camera. Nanosecond time
delays were obtained with a computer-controlled optical delay stage. UV
excitation was performed at 289 nm (doubled R6G laser, 2 ps instrument
resolution). An electronically-delayed, Q-switched excitation laser (5 ns, 266 nm,

13

190-350 μJ at 20 Hz) was employed for >5 ns time domain measurements. The
excitation laser was synchronized to the picosecond probe laser and array
detection systems with a Stanford Research Systems 535 delay generator. All
measurements were made by circulating the tricarbonyl solutions (purged
continuously with Ar) in a flow cell with CaF2 windows (2 mm pathlength).
Transient difference spectra were obtained by alternately collecting probe and
reference spectra averaged from 10 scans of 100 frames (IR camera images,
~100 cm-1 range) per acquisition in triplicate unless otherwise indicated.
Synthesis of 1: tricarbonyl[η5-(2-oxo-(2-pyridinyl)ethyl)-cyclopentadienyl]manganese(I), Mn[η5-C5H4CH2CO(2-py)](CO)3
Procedure PPL14II271: In a glove box, 5 (3.00 mL, 18.9 mmol), KOtBu (3.03 g,
27.0 mmol), and 10 mL of DMF were combined in a 250-mL Schlenk flask. The
vessel was capped and the dark red solution was allowed to stir for 0.5 h. After
removing from the glovebox, a portion of ethyl picolinate (2.8 mL, 20.7 mmol)
was purged with N2 and cannulated into the reaction mixture, and the resultant
mixture stirred at ambient temperature for 8 h. A purged, 20 mL-portion of 1.2 M
HCl was cannulated into the vessel. A 2-mL solution of 5 % (w/v) NaHCO3 was
then transferred into the flask via cannulation. The mixture was further acidified
with 2 mL 1.2 M HCl lowering the pH from >12 to 7. Yellow precipitate (2.77 g)
had formed and was filtered and rinsed with 20 mL of chilled 1:1 petroleum
ether/toluene. Petroleum ether/toluene wash was then frozen and evaporated
under reduced pressure to recover remainder of yellow precipitate (1.92 g) (4.69
g, yield = 77 %). 1HNMR (Figure A6, 270 MHz, CDCl3): 4.20 (s, 2H, CH2), 4.69
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(m, 2H, 2,5-Cp), 4.85 (m, 2H, 3,4-Cp), 7.51 (m, 1H, 5-py), 7.86 (m, 1H, 4-py),
8.07 (m, 1H, 3-py), 8.70 (m, 1H, 6-py) ppm. FTIR (0.1 mm NaCl, n-heptane):
2024, 1943 cm-1 (CO).
Synthesis of 4 (method 1): tricarbonyl[η5-(β-heptyl)(2-oxo-2{pyridine-2-yl}ethyl)-cyclopentadienyl]manganese(I),
Mn[η5-C5H3(β-{CH2}6CH3)CH2CO(2-py)](CO)3
Procedure PPL10VIII21: A solution of 7 and 23 (3.49 g, 11.0 mmol), KOtBu (1.74
g, 15.5 mmol), and 6 mL DMF were prepared in a 50 mL round-bottom flask in a
glovebox. The solution was allowed to stir at room temperature for 20 min to
dissolve any solid KOtBu. The reaction mixture was then removed from the
glovebox after being capped, and a purged mixture of ethyl picolinate (1.12 mL,
8.26 mmol) in 2 mL of DMF was cannulated into the stirring reaction mixture.
After stirring at room temperature for 21 h, 14 mL of purged 1.2 M HCl was
cannulated into the reaction mixture. A 10 mL portion of 5% w/v NaHCO3 was
then cannulated into the mixture which was then extracted with two 10-mL
portions of Et2O. The organic layers were combined and back-extracted with 15
mL H2O. The organic layer was then dried with excess MgSO4 under N2 for 3 h.
The mixture was then filtered and rotary-evaporated to produce a crude black oil
mass of 3.30 g. Column chromatography of the crude product involved loading
the crude product onto a Varian SF25-160 g column filled with 12%
CHCl3/hexanes mobile phase and eluting with increased in polarity to 40:50:10
CHCl3/ethyl acetate/hexanes. (0.667 g, yield 4 = 15 %; 0.208 g, 24 = 4 %; 0.489
g, yield 25 = 11 %) 1HNMR (Figure A9, 270 MHz, CDCl3): 0.81 (m, 4.7H, CH3),
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1.21 (m, 8H, CH2γCH2δCH2εCH2δ), 1.41 (m, 2H, CH2β), 2.15 (m, 2H, CH2α), 4.09
(s, 2H, CH2), 4.47 (m, 1H, 4-Cp), 4.68 (m, 2H, 2,5-Cp), 7.45 (m, 1H, 5-py), 7.79
(m, 1H, 4-py), 8.00 (m, 1H, 3-py), 8.64 (m, 1H, 6-py) ppm. FTIR (0.1 mm NaCl,
n-heptane): 2020, 1941 cm-1 (CO).
Synthesis of 4 (method 2): tricarbonyl[η5-β-heptyl{2-oxo-2(pyridine-2-yl)ethyl}cyclopentadienyl]manganese(I),
Mn[η5-C5H3(β-C7H15)CH2CO(2-py)](CO)3
Procedure PPL14III623: A portion of 9 (0.53 g, 1.22 mmol) was placed in a flamedried, 250-mL round-bottom flask in a glovebox. The vessel was capped and
removed from the glovebox. TFA (1.5 mL, 19.6 mmol) and HSiEt3 (0.50 mL, 3.13
mmol) were measured in a flame-dried, 10-mL graduated cylinder. The two
reagents were purged and cannulated into the round-bottom flask and the
resultant mixture stirred for 18 h at ambient temperature. NaOH (4.9 mL of 4 M
solution) was purged and cannulated into the vessel. The pH was 6. A 15-mL
EtOAc extract was performed and the extract was dried with MgSO4. The
mixture was filtered and the filtrate was dried with a stream of N2. A 1.42 g
amount of the reddish orange oil was loaded onto a Varian SF25-40 g column
filled with 5 % EtOAc/hexanes. The first 170 mL of eluent was discarded and 30
mL of yellow eluent (9 % EtOAc/hexanes) was rotary-evaporated in vacuo to
yellow/brown oil. (0.191 g, yield = 37 %): 1HNMR (Figure A10, 270 MHz,
CDCl3): 0.81 (m, 4.7H, 7.8 Hz, CH3), 1.19 (m, 11.8H, CH2γCH2δCH2εCH2δ), 1.41
(m, 2H, CH2β), 2.15 (m, 2H, CH2α), 4.09 (s, 2H, CH2), 4.47 (m, 1H, 4-Cp), 4.68
(m, 2H, 2,5-Cp), 7.45 (m, 1H, 5-py), 7.79 (m, 1H, 4-py), 8.00 (m, 1H, 3-py), 8.64
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(m, 1H, 6-py) ppm 13CNMR (Figure A11, 270 MHz, benzene-d6): 14.1 (CH3ε),
22.7 (CH2δ), 28.0 (CH2β), 29.1 (CH2δ), 29.3 (CH2γ), 30.7 (CH2ε), 31.9 (CH2α), 36.2
(CH2), 80.7 (5-Cp), 83.2 (4-Cp), 84.1 (2-Cp), 96.8 (3-Cp), 106.6 (1-Cp), 121.9 (3py), 126.9 (5-py), 136.7 (4-py), 148.8 (6-py), 152.9 (2-py), 196.7 (C=O), 225.8
(CO) ppm. FTIR (0.1 mm NaCl, n-heptane): 2020, 1937 cm-1 (CO).
Synthesis of 6: tricarbonyl[heptanoyl(β-methyl)cyclopentadienyl]-manganese(I), Mn[η5-C5H3CO(CH2)5CH3(β-CH3)](CO)3
Procedure PPL10III1611: Pulverized AlCl3 (1.1 g, 8.1 mmol) was placed in a 100
mL three-neck flask in a glove box. CS2 (50 mL) was nitrogen-purged for 5 min
under N2 gas and cannulated into the reaction flask. An amount of 5 (0.90 mL,
5.7 mmol) was added to the reaction mixture via syringe. Heptanoyl chloride (6.4
mmol, 0.62 mL) was added dropwise via syringe to the reaction mixture over a 2min period. The reaction mixture was heated to 50 C in an oil bath and refluxed
for 4h. The cooled reaction mixture was quenched with 30 mL of methanol
dropwise then the mixture was extracted with 25 mL CS2. The
methanol/aqueous layer was acidified with 25 mL 2N HCl and extracted with an
additional 25 mL CS2. The CS2 layers were combined and dried with MgSO4
overnight. The MgSO4 was removed via vacuum filtration, the filtrate was
injected neat (~3 μL) to be analyzed via GC/MS. The remainder was rotaryevaporated to dryness in a round-bottom flask and further dried with a stream of
N2 for 2h. A Varian SF24-80g column was filled with hexanes and the crude was
loaded onto the column. A total of four fractions were collected after the mobile
phase was changed to 1.5 % EtOAc/hexanes: 100 mL of a yellow eluent (0.47 g,
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yellow oil once evaporated, 5), 70 mL of a light yellow eluent (0.207 g, green oil,
22), 250 mL of a dark yellow eluent (0.394 g, yellow-brown oil, 0.284 g of 22 and
0.110 g of 6), and 70 mL of a dark yellow eluent (0.489 g, light red oil, 6) (6:
0.599 g, yield = 32%; 22: 0.491 g, yield = 26 %). 1HNMR (6, Figure A2, 270
MHz, CDCl3): 0.87 (m, 3H, CH3δ), 1.29 (m, 6H, CH2γCH2δCH2ε), 1.65 (m, 2H,
CH2β), 2.00 (s, 3H, CH3), 2.52 (t, 2H, 8.1 Hz, CH2α), 4.68 (m, 1H, 4-Cp), 5.25 (m,
1H, 2-Cp), 5.33 (m, 1H, 5-Cp) ppm. FTIR (0.1 mm NaCl, n-heptane): 2029,
1955, 1948, 1760 cm-1 (CO).
Synthesis of 7 (method 1): tricarbonyl[η5-heptyl(β-methyl)cyclopentadienyl]-manganese(I), Mn[η5-C5H3(CH2)6CH3(β-CH3)](CO)3
Procedure PPL10IV1822 FeCl3 (0.0098 g, 0.061 mmol) was weighed in a 50 mL
Schlenk flask then brought into a glovebox. A portion of 6 (0.51 g, 1.5 mmol)
was added to the reaction vessel via pipette. The vessel was sealed in a Shlenk
adapter, condenser, and septa before being removed from the glovebox. The
reaction mixture was heated to 92 C in an oil bath while stirring then HSiEt3
(0.65 mL, 4.1 mmol) was added via syringe. The reaction mixture had a black
liquid appearance. After 1.5 h, glacial acetic acid (0.13 mL, 2.27 mmol) was
added via syringe to the mixture. The mixture was then allowed to stir and reflux
for an additional 3.25 h. A GC/MS sample was prepared to monitor the progress
of the reaction. An additional amount of HSiEt3 (0.65 mL, 4.1 mmol) was added
to the mixture. The reaction mixture was then allowed to reflux and stir for an
additional 15 h (18 h total). A 6-mL amount of hexanes was added to the
resulting mixture and then filtered to remove any FeCl3 in the mixture. The
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hexanes solution was then washed with 6 mL of 5.0% w/v NaHCO 3, and a
second 6-mL aliquot of hexanes was used to extract the NaHCO3 layer. The
hexanes extracts were then combined and washed with 10 mL H2O. MgSO4 was
added to the hexanes layer and the mixture was allowed to sit for 4 h. The
solution was then filtered and rotary evaporated to produce an orange oil of mass
0.329 g. A Varian SF25-8 g Si column was filled with a 1.5% ethyl
acetate/hexanes solution. The orange oil was loaded onto the column: the
following collections were obtained; 25 mL (fraction 1, 7), 50 mL (fraction 2, light
yellow oil), and the residual 100 mL (fraction 3, brown/green oil). All fractions
were rotary evaporated separately upon collection. The first fraction was
analyzed (0.055 g, yield: 11 %). 1HNMR (Figure A3, 270 MHz, CDCl3): 0.82 (m,
3H, CH3), 1.22 (m, 8H, CH2γCH2δCH2εCH2δ), 1.45 (m, 2H, CH2β), 1.86 (s, 3H, CpCH3), 2.13 (m, 2H, CH2α), 4.40 (m, 3H, 2,4,5-Cp) ppm.
Synthesis of 7 (method 2): tricarbonyl[η5-heptyl(β-methyl)cyclopentadienyl]-manganese(I), Mn[η5-C5H3(CH2)6CH3(β-CH3)](CO)3
Procedure PPL10VII823: A portion of 6 (3.27 g, 9.92 mmol) was weighed in a 50
mL round-bottom flask with a stir bar. Anhydrous, nitrogen-purged HSiEt3 (3.60
mL, 22.5 mmol) was added to the reaction mixture. The reaction vessel was
capped in the glovebox and removed. Purged TFA (6.50 mL, 87.5 mmol) was
cannulated into the reaction mixture while continuously stirring at room
temperature for 18 h. The reaction was stopped by cannulating 25 mL of purged
saturated NaHCO3 while the reaction mixture was stirring. The resultant mixture
was extracted twice with 10-mL portions of hexanes. Both hexanes layers were
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combined and dried with MgSO4 for 2 h under N2 gas. The mixture was then
filtered and rotary-evaporated to a yellow oil. The crude product collected was
3.25 g. Column chromatography of the crude product using hexanes as a mobile
phase on a Varian SF25-40 g column afforded a yellow oil (1.05 g recovered,
80:20 based on 1HNMR integrations at 4.40 and 4.49 ppm, respectively, actual
mass = 0.91 g 7/23, yield 7 = 22% and 23 = 6%). 1HNMR (Figure A4, 270 MHz,
CDCl3): 0.45 (m, 2.5H, -CH2 from Et3SiOSiEt3), 0.84 (m, 8.6H, CH3ε, -CH3 from
Et3SiOSiEt3), 1.24 (m, 10.7H, CH2γCH2δCH2εCH2δ), 1.41 (m, 2.3H, CH2β), 1.86 (s,
3.3H, CH3), 2.14 (m, 1.8H, CH2α), 4.40 (m, 3H, 2,4,5-Cp) ppm. FTIR (0.1 mm
NaCl, n-heptane): 2019, 1938 cm-1 (CO).
Synthesis of 8: tricarbonyl[η5-(1-{-1,3-dioxolyl})-heptyl(β-methyl)-cyclopentadienyl]manganese(I),
Mn[η5-C5H3(C{OCH2CH2O}C6H13)β-CH3](CO)3
Procedure PPL10VII1724: An amount of 6 (0.812 g, 2.46 mmol) was placed in a
25 mL round-bottom flask attached to a Dean-Stark apparatus-attachment and
condenser in a glovebox. The apparatus was then capped and removed from
the glovebox. A purged mixture of 3 mL of benzene, HOCH2CH2OH (0.46 mL,
8.2 mmol), and TsOH (0.017 g, 0.089 mmol) was cannulated into the flask
containing 6. The reaction mixture was allowed to stir while heating to reflux (95
°C). The reaction was monitored via GC/MS (at 20 h) during a 42 h reflux period
and removed from heat. A 5-mL portion of purged, saturated NaHCO3 was
cannulated into the cooled, stirring mixture. The mixture was then extracted with
10 mL brine. The aqueous layers were combined and extracted with 3 mL of
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toluene. The organic layers were then combined, purged with N 2, and dried with
MgSO4 for 3 h. The mixture was then filtered and the filtrate was rotaryevaporated to a crude mass of 0.273 g of orange oil. Column chromatography of
the crude mixture using a Varian SF25-8 g column with an isocratic mobile phase
of 10% CHCl3/hexanes (100 mL lead, 100 mL eluent band, yellow) afforded a
light yellow oil (0.086 g, yield = 9 %). 1HNMR (Figure A5, 270 MHz, CDCl3):
0.85 (m, 3H, CH3δ), 1.19 (m, 8H, CH2βCH2γCH2δCH2ε), 1.73 (m, 2H, CH2α), 1.91
(s, 3H, CH3-Cp), 3.94 (m(br), 2H, OCH2CH2O), 4.11 (m(br), 2H, OCH2‟CH2‟O),
4.40 (m, 1H, 4-Cp), 4.75 (m, 1H, 5-Cp), 4.83 (m, 1H, 2-Cp) ppm.
Synthesis of 9: tricarbonyl[η5-β-heptanoyl(2-oxo-(pyridine2-yl)ethyl)cyclopentadienyl]manganese(I),
Mn[η5-C5H3(β-CO(CH2)5CH3)CH2CO(2-py)](CO)3
Procedure PPL14III511: An amount of 1 (2.77 g, 8.58 mmol) was placed in the
top-side of a Flik-it valve attachment and sealed with a septum. The sealed Flikit valve was attached to a 250-mL 3-neck flask. Pulverized AlCl3 (2.20 g, 16.5
mmol) was placed in the 3-neck flask and the vessel was sealed with a septum
and a flame-dried condenser (sealed with a Schlenk adapter). The vessel was
removed from the glovebox. A 20-mL solution of CS2 containing heptanoyl
chloride (2.0 mL, 23.3 mmol) was cannulated into the reaction vessel. The
vessel was heated to reflux (46 °C) and the Flik-it valve was opened to add 1.
After 0.25 h, 6 mL of purged MeOH was cannulated into the vessel. A 4-mL
amount of purged 4 M NaOH was cannulated into the mixture, and the pH was
raised from 1 to 7 with additional 1.2 M NaOH. The mixture was extracted twice
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with 25-mL portions of EtOAc. The organic layers (reddish-brown) were
combined and dried with MgSO4. The mixture was filtered and the filtrate was
evaporated under reduced pressure. After rinsing with hexanes, the reddishbrown oil was loaded onto a Varian SF25-80 g column filled with 15%
EtOAc/hexanes. Three bands occurred: A yellow band constituting 140 mL (15
% EtOAc/hexanes), a yellow band constituting 40 mL (20 % EtOAc/hexanes, 1),
and an olive drab band constituting 20 mL (40 % EtOAc/hexanes, 9). (0.53 g,
yield = 14 %): 1HNMR (Figure A7, 270 MHz, CDCl3): 0.87 (m, 3H, CH3δ), 1.31
(m, 6H, CH2γCH2δCH2ε), 1.65 (m, 2H, CH2β), 2.56 (t, 2H, 7.3 Hz, CH2α), 4.23 (s,
2H, CH2), 4.96 (m, 1H, 5-Cp), 5.37 (m, 1H, 4-Cp), 5.53 (br s, 1H, 2-Cp), 7.52 (m,
1H, 5-py), 7.87 (m, 1H, 4-py), 8.08 (d, 1H, J = 7.8 Hz, 3-py), 8.71 (m, 1H, 6-py).
CNMR (Figure A8, 270 MHz, DMSO-d6): 14.4 (CH3δ), 22.6 (CH2ε), 24.2 (CH2β),
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28.6 (CH2γ), 31.6 (CH2δ), 36.7 (CH2), 38.6 (CH2α), 87.2 (5-Cp), 87.4 (4-Cp), 88.9
(2-Cp), 91.5 (1-Cp), 100.9 (3-Cp), 122.3 (3-py), 128.8 (5-py), 138.3 (4-py), 149.8
(6-py), 152.6 (2-py), 197.7 (C=O), 198.4 (C=O-py), 224.7 (CO) ppm. FTIR (0.1
mm NaCl, n-heptane): 2030, 1958, 1946 cm-1 (CO).
Synthesis of 10 (method 1): tricarbonyl[η5-(1-heptyl-2-oxo2-{2-pyridinyl}ethyl)cyclopentadienyl]manganese(I),
Mn[η5-C5H4CH({CH2}6CH3)CO(2-py)](CO)3
Procedure PPL11V181: A mixture of 5 (19.1 mmol, 3.00 mL), KOtBu (19.2 mmol,
2.15 g), and 15 mL of anhydrous DMF was placed in a 100 mL round-bottom
flask in a glovebox. The mixture was allowed to stir for 1 h. Ethyl picolinate
(19.8 mmol, 2.99 g) was added dropwise into the stirring mixture and continued
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to stir for an additional 0.5 h. The vessel containing the reaction mixture was
removed from the glovebox and purged 1-bromoheptane (21.0 mmol, 3.30 mL)
was cannulated into the mixture. After 2 h, a sample of the mixture was worked
up with 5% w/v NaHCO3 and extracted with EtOAc. After 19 h, 14.6 mL of 1.2 M
HCl was purged and cannulated into the vessel. The mixture had a pH of ~7.
Two extractions were performed with 25 mL Et2O. The organic extract was
combined and dried with excess MgSO4 for 4 h. The mixture was filtered and
rotary-evaporated until orange oil remained. The oil was loaded onto a Varian
SF160-25g column equilibrated with petroleum ether. After approximately 4 in.
was between the first band and the top band, the polarity of the mobile phase
was increased to 3% EtOAc/petroleum ether. Three fractions were collected:
The first had an elution volume of 270 mL (yellow oil once rotary-evaporated,
1.29 g, 5), the second had an elution volume of 250 mL (reddish orange oil once
rotary-evaporated, 2.39 g, 10, 26, and 27), and the third had an elution volume of
40 mL (dark yellow oil once rotary-evaporated, 0.37 g, 28/29). . (10: 1.99 g,
yield = 25 %; 26: 0.20 g, yield = 2 %, 27: 0.20 g, yield =2 %; 28/29: 0.37 g, yield
= 5 %) 1HNMR (Figure A18, 270 MHz, CDCl3): 0.78 (m, 8H, CH3ε and CH3 from
hexanes/26/27), 1.16 (m, 27H, CH2βCH2γCH2δCH2εCH2δ and (-CH2-)n from
hexanes/26/27), 1.63 (m, 1H, CH2α), 1.99 (m, 1H, CH2α), 4.50 (t, 2H, 2.4 Hz, 3,4Cp), 4.80 (m, 1H, 5-Cp), 4.94 (m, 1H, 2-Cp), 5.07 (dd, 1H, J = 8.1, 5.7 Hz, CH),
7.42 (dd, 1H, J = 8.1, 1.4 Hz, 5-py), 7.80 (td, 1H, J = 7.6, 1.9 Hz 4-py), 8.07 (d,
1H, J = 7.8 Hz, 3-py), 8.66 (d(br), 1H, J = 4.6 Hz, 6-py) ppm.
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Synthesis of 10 (method 2): tricarbonyl[η5-(1-heptyl-2-oxo2-{2-pyridinyl}ethyl)cyclopentadienyl]manganese(I),
Mn[η5-C5H4CH({CH2}6CH3)CO(2-py)](CO)3
Procedure PPL13VII191: A solution of 12 (0.53 g, 1.69 mmol), KOtBu (0.36 g,
2.87 mmol), and 20 mL DMF were placed in a 50 mL round-bottom flask in a
glovebox allowing to stir covered for 0.5 h. A portion of ethyl picolinate (0.32 g,
2.03 mmol) was then purged and cannulated into the reaction mixture. The
mixture proceeded to stir at ambient temperature for 17 h. The reaction was
acidified with 2.7 mL 1.2 M HCl and neutralized with 20 mL 5% w/v NaHCO3
drop-wise. Three extractions with 10 mL-portions of hexanes were collected and
dried with MgSO4. The mixture was filtered and rotary-evaporated to a brown oil
weighing 0.457 g. Column chromatography using a SF15-12g column
equilibrated with hexanes was employed on the crude product. A yellow band
was collected (~150 mL, 12), followed by a yellow band (30 mL, 5 %
EtoAc/hexanes, 10) and the solvent was evaporated under reduced pressure
(0.193 g, yield: 27 %) 1HNMR (Figure A16, 270 MHz, CDCl3): 0.78 (m, 3H,
CH3ε), 1.18 (m, 10H, CH2βCH2γCH2δCH2εCH2δ), 1.65 (m, 1H, CH2α), 1.99 (m, 1H,
CH2α) 4.49 (t, 2H, 2.4 Hz, 3,4-Cp), 4.80 (m, 1H, 5-Cp), 4.94 (m, 1H, 2-Cp), 5.07
(dd, 1H, J = 8.1, 5.7 Hz CH), 7.42 (dd, 1H, J = 8.1, 1.4 Hz, 4-py), 7.80 (td, 1H,
7.6, 1.9 Hz 5-py), 8.07 (m, 1H, J = 7.8 Hz, 3-py), 8.66 (m, 1H, 6-py) ppm.
CNMR (Figure A17, 500 MHz, CDCl3): 14.0 (CH3ε), 22.6 (CH2δ), 27.6 (CH2β),
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29.0 (CH2δ), 29.4 (CH2γ), 31.7 (CH2ε), 35.1 (CH2α), 41.3 (CH), 80.2 (4-Cp) , 81.0
(5-Cp), 85.3 (3-Cp), 85.7 (2-Cp), 100.8 (1-Cp), 123.0 (3-py), 127.4 (5-py), 137.0
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(4-py), 148.9 (6-py), 152.6 (2-py), 200.3 (C=O), 224.6 (CO) ppm. FTIR (0.1 mm
NaCl, n-heptane): 2024, 1943, 1696 cm-1 (CO).
Synthesis of 12: tricarbonyl[η5-(octyl)cyclopentadienyl]manganese(I), Mn[η5-C5H4(C8H17)](CO)3
Procedure PPL13VII1311,23: In a three-neck flask, 11 (5.34 mmol, 1.09 g),
octanoyl chloride (8.01 mmol, 1.4 mL) and 20 mL CS2 were combined and
heated to reflux (46 °C). AlCl3 was added over a 5 min period with a Flik-it valve.
The reaction progressed for 3 h and previously purged MeOH was cannulated
into the mixture. The CS2 layer was cannulated into a round-bottom flask
fastened to a condenser. A stream of N2 was applied to remove solvent. A
mixture of TFA (53.4 mmol, 4.0 mL) and HSiEt3 (11.7 mmol, 1.8 mL) was purged
and cannulated into the flask containing the dried material. The resultant mixture
was heated to 75 °C, remaining steady at that temperature for 53 h while stirring
under inert conditions. A 50-mL portion of 1.1 M NaOH raised the pH from <1 to
7. The mixture was extracted thrice with 20 mL portions of Et 2O. The extracts
were combined and dried with MgSO4 overnight in a -16 °C freezer. After
evaporating under reduced pressure, the resultant yellow oil was heated in a
water bath at 100 °C turning the oil light brown, 12. (0.53 g recovered, 0.14 g 12,
yield = 8 %) 1HNMR (Figure A15, 270 MHz, CDCl3): 0.46 (46H, m, CH3 from
(Et3Si)2O and CF3CO2SiEt3), 0.86 (75H, m, CH3, CH2 from (Et3Si)2O, hexanes,
and CF3CO2SiEt3), 1.18 (14H, m, CH2γCH2δCH2εCH2δCH2ε), 1.48 (2H, m, CH2β)
2.23 (2H, m, CH2α), 4.60 (4H, m, 2-5-Cp) ppm.
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Synthesis of 14: dicarbonyl[η5-{2-oxo-2-(pyridine-2-yl- κ-N)ethyl}β-heptyl-cyclopentadienyl]manganese(I),
Mn[η1:η5-C5H3(β-(CH2)6CH3)CH2CO(2-py κ-N)]-(CO)2
Procedure PPL11VIII30: An amount of 4 (0.085 g, 202 μmol) was dissolved in
100 mL of anhydrous THF in a Pyrex cylinder in a glove box. The yellow
tricarbonyl solution was irradiated for 20 min changing the solution to an opaque
blue solution with N2 purging the system. After the completion of photolysis, the
solution was cannulated into a 500-mL round-bottom flask topped with a Schlenk
valve. The solvent was then evaporated in vacuo until a blue/black residue
remained (0.062 g recovered, 0.042 g 14, yield = 54 %): 1HNMR (Figure A13,
270 MHz, toluene-d8): 0.56 (m, 2H, grease), 0.92 (m, 13H, CH3 and n-heptane
CH3), 1.24 (m, 28H, CH2βCH2γCH2δCH2εCH2δ), 1.74 (m, 2H, CH2α), 2.72 (m, 1H,
CH2), 2.88 (m, 1H, CH2), 3.34 (m, 1H, 3-Cp), 4.34 (m, 1H, 2-Cp), 4.44 (m, 1H, 5Cp), 5.78 (t, 8.1 Hz, 1H, 5-py), 6.46 (t, 8.1 Hz, 1H, 4-py), 7.04 (m, 49H, solvent
and 3-py), 8.72 (d, 8.1 Hz, 1H, 6-py) ppm.
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CNMR (Figure A14, 270 MHz,

toluene-d8): 1.1 (silicone grease), 14.0 (CH3ε), 22.8 (CH2δ), 28.5 (CH2β), 29.3
(CH2δ), 29.5 (CH2γ), 30.9 (CH2ε), 32.0 (CH2α), 37.7 (CH2), 76.7 (2-Cp), 79.4 (4Cp), 81.0 (5-Cp), 93.6 (3-Cp), 101.5 (1-Cp), 123.2 (3-py), 125.9 (5-py), 134.5 (4py), 159.3 (6-py), 160.0 (2-py), 192.3 (C=O) ppm. FTIR (0.1 mm NaCl, nheptane): 1940, 1872 cm-1 (CO).
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Synthesis of 16: dicarbonyl[η5-(2-oxo-2-(pyridin-2-yl-κ-N)1-heptylethyl)-cyclopentadienyl]manganese(I),
Mn[η1:η5-C5H4CH({CH2}6CH3)CO(2-py κ-N)](CO)2
Procedure PPL11VII20: A portion of 10 (0.52 g, 1.24 mmol) was dissolved in a
Pyrex cylinder and dissolved in 100 mL n-heptane to make a 12.4 mM solution.
While purging with Ar the solution was irradiated with the Rayonet reactor.
Aliquots of the solution were cannulated into a rectangular 0.1 mm NaCl cell and
measured with 1 cm-1 resolution with 16 scans. The aliquots were analyzed via
FTIR after the following irradiation times: 0, 30, 60, and 80 min. The solution
was cannulated into a 250-mL round-bottom flask sealed with a Schlenk adapter.
After rotary evaporation of the solvent under reduced pressure, the residual
purple oil was loaded onto a Varian SF25-12 g column filled with hexanes. The
polarity of the mobile phase was increased to 5 % EtOAc/hexanes and a purple
band was the only band to elute (80 mL). After rotary-evaporation of the purple
solution purple oil remained (0.360 g recovered, 0.199 g 16 yield = 41 %):
1

HNMR (Figure A20, 270 MHz, CDCl3): 0.85 (m, 14H, CH3/hexanes CH3/ 26/27

CH3), 1.23 (m, 38H, CH2βCH2γCH2δCH2εCH2δ), 1.82 (m, 3H, CH2α), 3.21 (t, 1H,
7.0 Hz, CH), 3.71 (m, 1H, 4-Cp), 3.83 (m, 1H, 3-Cp), 4.61 (m, 1H, 5-Cp), 5.00 (m,
1H, 2-Cp), 6.89 (m, 1H, 5-py), 7.37 (m, 1H, 4-py), 7.54 (td, 1H, 3-py), 8.84 (m,
1H, 6-py) ppm.

CNMR (Figure A21, 270 MHz, DMSO-d6): 14.5 (CH3ε), 22.6
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(CH2δ), 27.7 (CH2β), 29.0 (CH2δ), 29.4 (CH2γ), 30.2 (CH2 ε), 31.8 (CH2α), 46.4
(CH), 78.6 (5-Cp), 78.7 (4-Cp), 79.1 (3-Cp), 83.1 (2-Cp), 101.6 (1-Cp), 125.9 (5-
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py), 126.5 (3-py), 137.9 (4-py), 159.4 (2-py), 160.4 (6-py), 196.4 (C=O), 235.1
(CO), 235.5 (CO) ppm. FTIR (0.1 mm NaCl, n-heptane): 1940, 1878 cm-1 (CO).
Synthesis of 17: tricarbonyl[η5-carboxaldehydecyclopentadienyl]-manganese(I), Mn[C5H4CHO](CO)3
Procedure PPL10VIII1725: A portion of 2.0 M n-BuLi in pentane (3.29 mL, 6.58
mmol) was syringed into a 125 mL Schlenk flask in a glovebox and capped with a
septum. Cymantrene 11 (1.42 g, 8.19 mmol) and 5 mL of anhydrous THF were
combined in a 15 mL round-bottom flask and capped. Both containers were
removed from the glovebox and placed in a dry ice/acetone bath measured to be
-82 °C. The THF/11 solution was first purged then cannulated into the Schlenk
flask containing the stirring n-BuLi solution. After approximately 1 h a portion of
anhydrous DMF (0.57 mL, 7.4 mmol) was syringed into the reaction mixture and
it was allowed to gradually reach room temperature while continuing to stir for
40.5 h. A sample of the reaction mixture was extracted at 23 h reaction time to
monitor via GC/MS. A 3.5 mL purged portion of 2 M HCl was cannulated into the
stirring reaction mixture. Any product was extracted twice with 5 mL of CH2Cl2
and dried with excess MgSO4 for 3 h. The mixture was then filtered and rotaryevaporated to a red oily substance of mass 1.62 g. Column chromatography was
performed on a silica gel flash column (15 mm O.D. x 555 mm) with 10%
CH2Cl2/hexanes to 100% CHCl3 as a gradient mobile phase. Orange crystals
were collected. (0.969 g, Yield: 51 %): 1HNMR (Figure A22, 270 MHz, CDCl3):
4.94 (m, 2H, 3,4-Cp), 5.47 (m, 2H, 2,5-Cp), 9.62 (s, 1H, H-C=O) ppm.
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Synthesis of 18: tricarbonyl[(η5-2-cyclopentadienylmethylene)hydrazine-carboxamide]manganese(I), Mn[η5-C5H4(C2H4N3O)](CO)3
Procedure PPLVIII2026: A solution consisting of NaOAc (0.504 g, 6.15 mmol),
semicarbazide-HCl (0.463 g, 4.15 mmol), 18 mL of 200-proof EtOH, and 3 mL of
deionized H2O was prepared. After being purged the solution was cannulated
into a 100-mL round-bottom flask containing 17 (0.865 g, 3.72 mmol). The
reaction mixture was then allowed to stir for 10 min and drops of 5% w/v NaHCO 3
were added to raise the pH to 6. A yellow precipitate had immediately formed as
a result. The mixture was allowed to stir for another 20 minutes and was rotaryevaporated to remove solvent. A 5 mL portion of CH2Cl2 was added to extract
any product. The yellow precipitate did not dissolve in the remaining H2O or
CH2Cl2 layers and was filtered and left to air-dry in a fume hood. The yellow
precipitate remaining had a mass of 0.793 g. (0.793 g, yield = 74 %): 1HNMR
(Figure A23, 270 MHz, DMSO-d6): 5.09 (m, 2H, 3-, 4-Cp), 5.64 (m, 2H, 2-, 5Cp), 6.48 (br s, 2H, -NH2), 7.45 (s, 1H, HC=N-), 10.3 (br s, 1H, NH) ppm.
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CNMR (Figure A24, 270 MHz, DMSO-d6): 83.7 (3,4-Cp), 83.8 (2,5-Cp), 98.4

(1-Cp), 133.0 (C=N), 157.0 (C=O), 225.7 (CO) ppm. FTIR (0.82 mm, DMF):
2019, 1935 cm-1 (CO).
Synthesis of 19: tricarbonyl[η5-carboxaldehyde N2-heptyl
semicarbazone cyclopentadienyl]manganese(I),
Mn{η5-C5H4(CHNN({CH2}6CH3)CONH2}(CO)3
Procedure PPL10VIII2327: A solution of 18 (0.283 g, 0.979 mmol), K2CO3 (0.212
g, 1.53 mmol), and 6 mL of anhydrous DMF was prepared in a 50 mL Schlenk
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flask in a glovebox. The reaction vessel was capped, covered with aluminum foil,
and removed from the glovebox. The solution was allowed to stir for 35 min at
room temperature. Purged 1-bromoheptane (0.44 mL, 2.8 mmol) was
cannulated into the solution, and the mixture was allowed to stir for 45 h at room
temperature. The mixture was then filtered and extracted with two 4 mL portions
of CH2Cl2. Both CH2Cl2 extractions were back-extracted with 10 mL of H2O and
5 mL of brine. The CH2Cl2 layer was dried with excess MgSO4 for 2 h and
filtered and rotary-evaporated. After recrystallizing with hexanes, beige crystals
remained (0.090 g recovered, 0.078 g 19, yield = 21 %). 1HNMR (Figure A25,
270 MHz, DMSO-d6): 0.86 (m, 3H, CH3), 1.24 (m, 8H, CH2γCH2δCH2εCH2δ), 1.38
(m, 2H, CH2β), 3.76 (t, 2H, 8.6 Hz, CH2α), 5.09 (m, 2H, 3,4-Cp), 5.70 (m, 2H, 2,5Cp), 6.57 (s(br), 1H, -NH2), 6.88 (s(br), 1H, -NH2), 7.35 (s, 1H, HC=N-) ppm.
CNMR (Figure A26, 270 MHz, DMSO-d6): 14.5 (CH3), 22.5 (CH2δ), 25.5 (CH2β),
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26.7 (CH2γ), 29.0 (CH2δ), 31.8 (CH2ε), 48.5 (CH2α), 83.5 (3,4-Cp), 84.0 (2,5-Cp),
99.7 (1-Cp), 130.4 (C=N), 156.8 (C=O), 230.3 (CO) ppm. FTIR (0.82 mm CaF2,
n-heptane): 2031, 1954 cm-1 (CO).

Synthesis of 20: 2-heptanone semicarbazone,
CH3C(NNH(CO)H2)C5H11
Procedure PPL10XII328: A mixture of HOAc (1.83 mL, 32.0 mmol) and K2CO3
(2.22 g, 16.1 mmol) was prepared to generate KOAc in situ. After effervescence
ceased and flaky white crystals had formed, semicarbazide-HCl (2.65 g, 23.8
mmol) and 25 mL of IPA were added to the KOAc and the mixture was allowed to
reflux at 84 C for 0.5 h. A portion of 2-heptanone (3.00 mL, 21.0 mmol) was
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then added to the refluxing reaction mixture. The reaction proceeded for 1 h at
reflux and then let cool to room temperature. White crystals began forming and
were subsequently filtered. After allowing to air dry over a 2-day period, the
crystals were heated on a watch glass at 110 C for 0.5 h. (0.370 g, 0.128 g 20,
yield = 4 %): 1HNMR (Figure A27, 270 MHz, DMSO-d6): 0.85 (t, 3H, CH3ε), 1.25
(m, 4H, CH2δCH2γ), 1.46 (p, 2H, 6.8 Hz, CH2β), 1.76 (s, 3H, CH3), 2.14 (t, 2H, 5.1
Hz, CH2α), 6.17 (s, 2H, -NH2), 8.88 (s, 1H, NH) ppm.
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CNMR (Figure A28, 270

MHz, DMSO-d6): 14.6 (CH3ε), 16.1 (CH3), 22.5 (CH2δ), 26.1 (CH2β), 31.5 (CH2γ),
38.7 (CH2α), 150.1 (C=N), 158.1 (C=O) ppm.
IR spectral changes upon photolysis of 4 in n-heptane at
ambient temperature
Procedure PPL11VIII30: A 100-mL, flame-dried Pyrex graduated cylinder was
filled with 100 mL of n-heptane and 4 (0.085 g, 0.20 mmol) was added to prepare
a 2.0 mM solution. After capping and removing from a glove box, the solution
was purged with N2, and the solution was cannulated into an IR cell. A portion of
the 4 in n-heptane solution was transferred into a 0.1 mm NaCl IR cell in a
glovebox and irradiated with the Hg Pen-Ray lamp for 0.25 min, and FTIR
spectra were recorded after 0 (plus the time of acquisition of the spectrum, about
40 s), 1, 2, 3, 4, 5, and 10 min. Following an additional 10 min of visible
irradiation (with a 60 W light bulb), another FTIR spectrum was recorded with the
same sample.
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IR spectral changes upon photolysis of 10 in n-heptane at
ambient temperature
Procedure PPL11V25: An amount of 10 (0.020 g, 48 µmol) was dissolved in 5.0
mL n-heptane. The translucent faint pink solution was loaded into a 0.1 mm path
length NaCl rectangular cell. The 9.5 mM solution was irradiated in the cell using
the Hg Pen-Ray lamp. FTIR spectra were recorded after the following irradiation
times: 0, 1, and 2 min. FTIR spectra were also recorded 1 min following
irradiation (1 min UV irradiation) and 5 min following irradiation (2 min UV
irradiation).

IR spectral changes upon photolysis of 4 in n-heptane at
low temperature
Procedure PPL14II4: A 1.2 mM solution of 4 (0.005 g, 12 μmol) in 10 mL of nheptane was prepared in a volumetric flask in a glovebox. The solution was
pipetted into the temperature-controlled IR cell. At -2 °C the solution was
irradiated with the Hg Pen-Ray lamp for 5 min, and FTIR spectra were recorded
in 5 min increments from 0-150 min and 10 min increments from 150-300 min.

IR spectral changes upon photolysis of 10 in n-heptane at
low temperature
Procedure PPL13VII25: A 3.6 mM solution of 10 (0.015 g, 36 μmol) in 10 mL of
n-heptane was prepared in a volumetric flask in a glove box. The solution was
pipetted into the temperature-controlled IR cell. At -2 °C the solution was
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irradiated with the Hg Pen-Ray lamp for 2.5 min, and FTIR spectra were
recorded at 2.5 min intervals from 0 to 60 min equilibration times.

IR spectral changes upon photolysis of 18 in DMF
Procedure PPL10X18: An amount of 18 (0.004 g, 13.8 mol) was weighed and
dissolved in 5 mL of DMF in a glove box. The concentration of 18 was 2.75 mM
with approximately 2 mL pipetted into an IR cell in an Ar atmosphere. The
solution was irradiated in the cell with the Hg Pen-Ray lamp and IR spectra were
recorded after the following irradiation times: 0, 1.25, 2.5, 4, 6, 8, and 10 min.
IR spectral changes upon photolysis of 19 in n-heptane
Procedure PPL10X25: An amount of 19 (0.012 g, 30.9 mol) was placed in 8 mL
of n-heptane and heated to dissolve the solid. Sample preparation and insertion
of the 3.68 mM solution into the IR cell were performed in a glove box. The
solution was irradiated in the cell with the Hg Pen-Ray lamp, and IR spectra were
recorded after the following irradiation times: 0, 0.75, 1.25, 2.5, 4, 6, 8, 10, 12,
and 15 min.

IR spectral changes upon photolysis of 19 in DMF
Procedure PPL10X12: An amount of 19 (0.005 g, 13.9 µmol) was dissolved in 5
mL of reagent-grade DMF to prepare a 2.78 mM solution. Approximately 3 mL of
the solution was pipetted into a circular IR cell in a glove box. The solution was
irradiated in the cell with the Hg Pen-Ray lamp, and IR spectra were recorded
after the following UV irradiation times at 25 C: 0, 0.25, 0.75, 1.25, 2.5, 4, 6, 8,
10, and 12.5 min.

33

IR spectral changes upon photolysis of 5 in the equimolar
presence of 20 in n-heptane
Procedure PPL10XII7: A solution of 5 (0.220 mL, 1.28 mmol), 20 (0.224 g, 1.28
mmol), and 250 mL n-heptane was prepared in a glovebox. The mixture was a
light yellow solution with insoluble white crystals. The mixture was heated to 100
C for 5 minutes until the white solid was dissolved. A representative sample of
the solution was loaded into a CaF2-plated cell with a 0.82 mm pathlength. After
being irradiated by a Hg Pen-Ray lamp, FTIR spectra were recorded before
irradiation and at 30 s intervals between 0 and 210 s irradiation.

UV-Vis spectral changes upon photolysis of 4 in n-heptane at
low temperature
Procedure PPL11IX6: A 0.71 mM solution of 4 (0.003 g, 7.1 μmol) in 10 mL of nheptane was prepared in a glovebox, and 1 mL of the solution was pipetted into a
quartz cuvette (1 cm pathlength). At 0 °C the solution was irradiated with the Hg
pen lamp for 2 min, and spectra were recorded at 3 min intervals between 0 and
15 min equilibration time, as well as recorded at 30, 45, and 60 min equilibration
time.

UV-Vis spectral changes upon photolysis of 10 in n-heptane at
low temperature
Procedure PPL11IX9: A 1.7 mM solution of 10 (0.007 g, 17 μmol) in 10 mL of nheptane was prepared in a glovebox, and 1 mL of the solution was pipetted into a
quartz cuvette (1 cm pathlength). At 0 °C the solution was irradiated with a Hg-
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penlamp for 2 min, and spectra were obtained at 0, 1, 2, 3, 4, 5, 10, 15, 20, 25,
30, 45, and 60 min equilibration time.

Time-resolved infrared spectroscopy of 4 (synthesized via
Method 1) in n-heptane at the nanosecond timescale
Procedure PPL11I5: A portion of 4 (and 24, 0.036 g, 86 µmol) was dissolved in
60 mL of n-heptane to produce a 1.4 mM solution. Difference spectra for time
differences between 266 nm pump and IR probe – 500, + 50, + 200, + 500 ns
were measured in triplicate with 300 µJ pulses (except +200 ns, increased to 350
µJ pulses at 289 nm). Difference spectra at + 1, + 2, + 5, and + 20 µs were
measured in triplicate with irradiation at 350 µJ pulses (except + 2 and +20 µs,
which were irradiated with 300 and 250 µJ, 289 nm pulses, respectively). Each
IR spectrum was averaged by 100 frames and 10 scans.

Time-resolved infrared spectroscopy of 4 (synthesized via
method 1) in n-heptane at the nanosecond timescale
Procedure PPL11III12: An amount of 4 (0.080 g, 0.19 mmol) was dissolved with
75 mL purged n-heptane to make a 2.5 mM solution in a glovebox. Difference
spectra for time differences between UV pump (190 µJ, 289 nm) and IR probe 20, 5, 10, 50, 500, and 1000 ns were measured and averaged in triplicate. Each
IR spectrum was averaged by 100 frames and 10 scans.
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Time-resolved infrared spectroscopy of 10 (synthesized via
method 1) in n-heptane at the nanosecond timescale
Procedure PPL11III11: An amount of 10 (0.060 g, 0.14 mmol) was dissolved
with 75 mL purged n-heptane to make a 1.9 mM solution in a glovebox. The 10
in n-heptane solution was diluted with an additional 40 mL of purged n-heptane
to prepare a 1.2 mM solution. Time differences between UV pump (250 µJ, 289
nm) and IR probe of -20, 5, 10, 50, 200, 500, 800, and 1000 ns were measured
and averaged in triplicate. Each IR spectrum was averaged by 100 frames and
10 scans.
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Chapter III
Results

Synthesis of 6
The Friedel-Crafts acylation of 5 using heptanoyl chloride (Scheme 12)
gave two products, both having the appearance of reddish-brown oil. 1HNMR
spectra of the two isolated products are shown in Figures A1 (22, 26 %) and A2
(6, 32 %).

26 %

32 %

Scheme 12. Acylation of 5

Synthesis of 7
Two different silyl-acid reduction methods which were attempted to form 7
from 6 and a mixture of 6 and 22 (Scheme 13, above and below, respectively)
produced light yellow oil after chromatography. A 1HNMR spectrum of the
product from 6 is shown in Figure A3. The 1HNMR spectrum of the product
recovered from reducing the 6 and 22 mixture is shown in Figure A4.
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11 %

7: 22 %
23: 6 %
Scheme 13. Carbonyl reduction of 6 (above) and a mixture of 6 and 22 (below)

Synthesis of 8
The acid-catalyzed ketal formation from the starting material 6 (Scheme
14) formed a yellow oil product. A 1HNMR spectrum of the yellow oil is depicted
in Figure A5.

9%
Scheme 14. Ketal addition to 6

Synthesis of 4 (method 1)
The nucleophilic acyl substitution using a mixture of 7 and 23
deprotonated as nucleophiles and ethyl picolinate as an electrophile afforded two
regiospecific isomers of products (Scheme 15), both of which were brown/yellow
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oils. 1HNMR spectra of the separated sets of constitutional isomeric mixtures are
shown in Figures A9 (4/24) and A12 (25).

15 %

4%

11 %
Scheme 15. Nucleophilic acyl substitution to form compounds 4, 24, and 25

Synthesis of 1
The nucleophilic acyl substitution of 5 (deprotonated) as a nucleophile and
ethyl picolinate as an electrophile (Scheme 16) produced yellow crystals. A
1

HNMR spectrum of the product is shown in Figure A6.

Scheme 16. Formation of 1
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77 %

Synthesis of 9
The Friedel-Crafts acylation of 1 (Scheme 17) afforded red viscous oil
following column chromatography. A 1HNMR spectrum of the material is shown
in Figure A7, and a 13CNMR spectrum in DMSO-d6 can be viewed in Figure A8.

14 %
Scheme 17. Friedel-Crafts acylation of 1

Synthesis of 4 (method 2)
The selective silyl reduction of the carbonyl group attached to the Cp-ring
of 9 to form 4 (Scheme 18) afforded yellow/light brown oil after chromatography.
A 1HNMR spectrum of the oil in CDCl3 is depicted in Figure A10. A 13CNMR
spectrum obtained of 4 in benzene-d6 is shown in Figure A11.

37 %
Scheme 18. Carbonyl reduction of 9 to form 4
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Synthesis of 14
The photolysis of 4 in THF (Scheme 19) afforded a mauve-brown residue
after evaporation. A 1HNMR spectrum of the residue in toluene-d8 is depicted in
Figure A13 and a 13CNMR spectrum in Figure A14.

54 %
Scheme 19. Photolysis of 4

Synthesis of 10 (method 1)
For method 1, the nucleophilic acyl substitution and subsequent alkylation
of 5 afforded a total of 5 products based on chromatographic and spectroscopic
results. 1HNMR spectra were obtained for reddish-brown oil (10, 26, and 27,
Scheme 20) in Figure A18 and yellow oil (28/29) in Figure A19.
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25 %

28: 5 %
26: 2 %

29: <0.2 %
27: 2 %

Scheme 20. One-pot synthesis of 10 (and by-products 26-29) from 5

Synthesis of 12
The acylation and subsequent ketone reduction of 11 to form 12 occurred with a low yield
1

(8 %). The HNMR spectrum of the yellow oil collected after chromatography can be viewed in
Figure A15.

8%

Scheme 21. Synthesis of 12
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Synthesis of 10 (method 2)
The deprotonation of 12 and nucleophilic addition of a picolinyl pendant attaching at the
alpha carbon (Scheme 22) had a lower yield (27 %) than the deprotonation/nucleophilic addition
1

of a picolinyl pendant from 5 to 1 (77 %). A HNMR spectrum of the brownish-yellow oil recovered
from chromatography can be seen in Figure A16 while the
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CNMR spectrum of said substance

can be interpreted in Figure A17.

27 %
Scheme 22. Synthesis of 10 (method 2) from 12

Synthesis of 16
The photolysis of 10 in n-heptane (Scheme 21) afforded purple oil after
evaporation. 1HNMR spectrum of the oil in CDCl3 is depicted in Figure A20. A
13

CNMR spectrum obtained of the purple oil in DMSO-d6 is shown in Figure A21.

41 %
Scheme 23. Photolysis of 10
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Synthesis of 17
The lithiation of 11 and subsequent addition of DMF at low temperature
afforded 17 (Scheme 22) after ambient temperature was reached. After
chromatography of the crude material, orange crystals remained. A 1HNMR
spectrum can be interpreted in Figure A22.

51 %
Scheme 24. Formylation of 11 to form 17

Synthesis of 18
The deprotonation of semicarbazide-HCl and subsequent addition to 17
resulted in a Schiff base formation (Scheme 23) providing yellow crystalline
material. A 1HNMR spectrum of the material is shown in Figure A23 and a
13

CNMR spectrum shown in Figure A24.

74 %
Scheme 25. Formation of 18
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Synthesis of 19
The deprotonation of the secondary amine of 18 and addition of 1bromoheptane afforded the alkylation at the N2-position forming 19 (Scheme 24).
A 1HNMR spectrum of the alkylated material dissolved in DMSO-d6 is shown in
Figure A25. A 13CNMR spectrum obtained of 19 in DMSO-d6 is shown in Figure
A26.

21 %
Scheme 26. N2-alkylation of 18
Synthesis of 20
The deprotonation of semicarbazone-HCl and subsequent Schiff‟s base
formation (Scheme 25) afforded white crystals.

4%
Scheme 27. Formation of 20
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A 1HNMR spectrum of the white crystals dissolved in DMSO-d6 is shown in
Figure A27 (13CNMR in Figure A28).

IR spectral changes upon photolysis of 4 in n-heptane
Following photolysis of the translucent yellow solution a light translucent
blue solution remained. As time in s progressed the appearance changed to light
translucent purple solution. In Figure 4 (25 °C), bleach bands at 2019 and 1938
cm-1 appeared immediately following UV irradiation with absorption bands also
present at 1942 (after irradiation, disappearing after 1 min), 1882, and 1874 cm-1.
Immediately after photolysis, the absorbance at 1882 cm-1 decreased (becoming
absent after 5 min had lapsed) while the bands at 1935 and 1874 cm-1 increased
from 0 to 2 min.
In Figure 5 (-2 °C), bleach bands at 2031, 2020, 1961, 1948, and 1938
cm-1 occurred immediately following UV irradiation with absorption bands also
present at 1925 (broad „hump‟), 1882, and 1874 cm-1. The absorbance at 1882
cm-1 formed immediately after photolysis decreased as the absorbance band at
1874 cm-1 remained constant. At 300 min absorption bands at 1930 and 1874
cm-1 are noticed. A plot of the change in absorbance at 1882 cm -1 is shown in
Figure 6 (from data listed in Tables 4 and 5).
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Figure 4. FTIR difference spectra following the UV irradiation with a 254 nm
lamp of 4 in n-heptane (2.0 mM) at 25 °C. Top to bottom: 0.25 min irradiation, 1,
2, 3, 4, 5, and 10 min delay.
Table 1. Changes in absorbance values of each corresponding
bleach/absorption wavenumber following irradiation of 4 in n-heptane at 25 °C
wavenumber (cm-1)
time (s)
0
60
120
180
240
300
600

2019

1942

-0.031
-0.031
-0.031
-0.032
-0.032
-0.032
-0.032

-0.009
-0.012
-0.014
-0.015
-0.015
-0.016
-0.016

1938
ΔOD
-0.029
-0.029
-0.029
-0.029
-0.029
-0.029
-0.029
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1935

1882

1874

-0.012
-0.006
-0.005
-0.004
-0.004
-0.003
-0.003

0.014
0.006
0.004
0.003
0.002
0.002
0.001

0.006
0.013
0.014
0.015
0.015
0.016
0.016

Figure 5. FTIR difference spectra following the UV irradiation with a 254 nm
lamp of 4 in n-heptane (1.90 mM) at -2 °C. Top to bottom: 5 min irradiation, 60,
120, 180, 240, and 300 min delay.

Table 2. Data from Figure 5 with difference of absorbance values to each
corresponding bleach/absorption wavenumber for each timed acquisition after
irradiation of 4 in n-heptane (1.90 mM) at -2 °C.
wavenumber (cm-1)
time (s)
0
3600
7200
10800
14400
18000

2031

2020

1961

-0.139
-0.127
-0.099
-0.087
-0.083
-0.083

-0.798
-0.585
-0.457
-0.395
-0.385
-0.381

-0.064
-0.060
-0.045
-0.038
-0.037
-0.036

1948
1938
ΔOD
-0.177 -0.793
-0.139 -0.568
-0.104 -0.448
-0.090 -0.379
-0.086 -0.375
-0.085 -0.372
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1925

1882

1874

0.129
0.109
0.105
0.109
0.114
0.118

0.408
0.221
0.131
0.087
0.064
0.050

0.173
0.166
0.153
0.149
0.146
0.146

Figure 6. Decay of 13 in n-heptane at -2 °C.

Table 3. Data of change in concentration of 13 with respect to time at -2 °C
ln(A0/At) at 1882 cm-1
time (s-1)
0
0.000
3
0.121
6
0.178
9
0.233
12
0.278
15
0.333
18
0.377
21
0.427
24
0.470
27
0.512
30
0.553
33
0.591
36
0.634
39
0.674
42
0.713
45
0.816
48
0.855
51
0.900
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Table 3. Data of change in concentration of 13 with respect to time at -2 °C
ln(A0/At) at 1882 cm-1
time (s-1)
54
0.950
57
0.988
60
1.03
63
1.07
66
1.11
69
1.15
72
1.19
75
1.23
78
1.27
81
1.31
84
1.35
87
1.38
90
1.42
96
1.52
102
1.59
108
1.64
114
1.68
120
1.74
126
1.80
132
1.87
138
1.93
144
1.99
150
2.05
156
2.09
162
2.15
168
2.19
174
2.23
180
2.28

IR spectral changes upon photolysis of 10 in n-heptane
Following photolysis of the translucent yellow solution of 10 in n-heptane,
a light translucent purple solution remained. In Figure 7 (25 °C), bleach bands at
2024 and 1944 cm-1 occur immediately following UV irradiation. Post-irradiation
absorption bands were also present at 1940, 1885, and 1877 cm-1, 1885 cm-1
decreasing as the bands at 1940 and 1877 cm-1 increased.
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In Figure 8 (-2 °C), bleach bands at 2024 and 1943 cm-1 occur
immediately following UV irradiation with absorption bands present at 1939,
1886, and 1877 cm-1. The CO-stretch at 1886 cm-1 decreased as the band at
1877 cm-1 (with the initial, predominant absorption) increased. A plot of the
change in absorbance at 1886 cm-1 is shown in Figure 8 (from data listed in
Table 5).

Figure 7. FTIR difference spectra following the UV irradiation with a 254 nm
lamp of 10 in n-heptane (9.50 mM) at 25 °C. Top to bottom: 1 min irradiation, 1
min delay, 2 min (total) irradiation, and 5 min delay (after 2 min irradiation).
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Table 4. Change in absorbance values to each corresponding bleach/absorption
wavenumber for each timed acquisition after irradiation of 10 in n-heptane (9.50
mM) at 25 °C.
wavenumber (cm-1)
2024
1944
1940
1935
1885
1877
time (s)
ΔOD
0
-0.135
-0.141
0.012
-0.024
0.017
0.129
60
-0.134
-0.142
0.016
-0.023
0.014
0.132
120
-0.173
-0.184
0.020
-0.029
0.016
0.168
300
-0.172
-0.184
0.023
-0.028
0.013
0.170

Figure 8. FTIR difference spectra following the UV irradiation with a 254 nm
lamp of 10 in n-heptane (1.66 mM) at -2 °C. Top to bottom: 1 min irradiation, 10,
20, 30, 40, 50, and 60 min delay.
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Table 5. Changes in absorbance values of each corresponding
bleach/absorption wavenumber for select time acquisitions after irradiation of 10
in n-heptane (1.66 mM) at -2 °C.
wavenumber (cm-1)
2024
1943
1939
1886
1877
time (s)
ΔOD
0
-0.623
-0.654
0.301
0.402
0.731
600
-0.539
-0.617
0.353
0.316
0.701
1200
-0.506
-0.600
0.376
0.275
0.694
1800
-0.475
-0.593
0.380
0.244
0.681
2400
-0.446
-0.576
0.388
0.225
0.676
3000
-0.417
-0.565
0.390
0.215
0.667
3600
-0.393
-0.516
0.382
0.208
0.654

Figure 9. Decay of 15 in n-heptane at -2 °C
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Table 6. Data of the decay of concentration of 15 with respect to time at -2 °C.
Ln(A0/At) at 1886 cm-1
t (s-1)
0
0.000
1.5
0.081
3
0.215
4.5
0.335
6
0.415
7.5
0.491
9
0.568
10.5
0.634
12
0.693
13.8
0.813
15
0.851
16.5
0.911
18
0.981
19.5
1.04
21
1.09
22.5
1.15
24
1.19
25.5
1.24
27
1.28
28.5
1.31
30
1.34
31.5
1.38
33
1.40
34.5
1.43
36
1.45

IR spectral changes monitoring the UV irradiation of 18 in DMF
In Figure 10, four bleaching bands at 2050, 2019, 1962, and 1958 cm-1
are noticed in the FTIR spectra obtained after UV-irradiation of 18 in DMF. No
change in color was apparent following irradiation.
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Figure 10. FTIR difference spectra after consecutive UV irradiation times with a
254 nm lamp of 18 in DMF (2.75 mM) at 25 °C. Top to bottom: 1.25, 2.5, 4, 6, 8,
and 10 min irradiation.

Table 7. Change in absorbance values of each corresponding bleach/absorption
wavenumber for each timed acquisition after irradiation of 18 in DMF (2.75 mM)
at 25 °C.
wavenumber (cm-1)
2050
2019
1962
1935
time (s)
ΔOD
75
0.916
0.184
0.646
-0.124
150
0.010
0.030
0.070
0.038
240
0.032
0.074
0.083
0.082
360
0.050
0.117
0.116
0.127
480
0.067
0.164
0.170
0.175
600
0.105
0.200
0.238
0.215
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IR spectral changes upon photolysis of 19 in n-heptane
After irradiation of the pale yellow solution of 19 in n-heptane, no change
in color was observed. In Figure 11, two bleach bands occur at 2031 and 1950
cm-1 with no apparent absorbance at lower energies through 15 min of
irradiation.

Figure 11. FTIR difference spectra following consecutive UV irradiation with a
254 nm lamp of 19 in n-heptane (3.86 mM) at 25 °C. Top to bottom: 0.75, 1.25,
2.5, 4, 6, 8, 10, 12, and 15 min irradiation.
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Table 8. Changes in absorbance values of each corresponding
bleach/absorption wavenumber for each timed acquisition after irradiation of 19
in n-heptane (3.86 mM) at 25 °C.
wavenumber (cm-1)
2031
1950
time (s)
ΔOD
45
-0.847
-1.453
75
-0.798
-1.34
150
-0.714
-1.17
240
-0.652
-1.04
360
-0.616
-0.978
480
-0.604
-0.956
600
-0.598
-0.943
720
-0.606
-0.951
900
-0.586
-0.914

IR spectral changes upon photolysis of 19 in DMF
The yellow solution of 19 in DMF did not change appearance after UV
irradiation. In Figure 12, two bleach bands are noticed at 2018 and 1935 cm -1
after 1.25 min irradiation whereas the first occurrence of an absorption band is
noticed at 1846 cm-1 after 6 min irradiation.
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Figure 12. FTIR difference spectra after consecutive UV irradiation with a 254
nm lamp of 19 in DMF (2.78 mM). Top to bottom: 0.75, 1.25, 2.5, 4, 6, 8, 10,
and 12.5 min irradiation.

Table 9. Change in absorbance values of each corresponding bleach/absorption
wavenumber for each timed acquisition after irradiation of 19 in DMF (2.78 mM)
at 25 °C.
wavenumber (cm-1)
2018
1935
1846
time (s)
ΔOD
45
0.006
-0.002
-0.002
75
-0.018
-0.023
0.005
150
-0.082
-0.081
0.023
240
-0.135
-0.152
0.029
360
-0.133
-0.149
0.006
480
-0.175
-0.195
0.026
600
-0.219
-0.254
0.046
750
-0.269
-0.269
0.068
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UV irradiation of 5 in the equimolar presence of 20 in n-heptane
The light yellow solution of 5 and 20 in n-heptane after heating had crystals
precipitate out once cooling to room temperature. After UV irradiation of the
solution there was no visible change in color. In Figure 13, five bleaching bands
were observed at 2023, 2013, 1937, 1909, and 1695 cm-1.

Figure 13. FTIR difference spectra after consecutive UV irradiation with a 254
nm lamp of a 5.12 mM solution of 5 (1.28 mmol) and 20 (1.28 mmol) in nheptane (250 mL). Top to bottom: 0.5, 1.5, 2, 2.5, and 3 min irradiation.
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Table 10. Change in absorbance values of each corresponding
bleach/absorption wavenumber for each timed acquisition after irradiating a 5.12
mM solution of 5 (1.28 mmol) and 20 (1.28 mmol) in DMF at 25 °C.
wavenumber (cm-1)
2023
2013
1937
1909
1695
time (s)
ΔOD
30
-0.264
-0.055
-0.245
-0.023
-0.050
90
-0.355
-0.084
-0.332
-0.027
-0.080
120
-0.494
-0.141
-0.485
-0.055
-0.118
150
-0.553
-0.163
-0.543
-0.065
-0.131
180
-0.733
-0.202
-0.637
-0.098
-0.154

UV-Vis spectral changes upon photolysis of 4 in n-heptane at
low temperature
After photolysis of the 4 in n-heptane solution at 0 °C, the appearance of the
solution changed from a light translucent yellow to a medium translucent blue.
After the 60 min at 0 °C the solution changed to a light purple appearance. In
Figure 14, after 1 min of UV irradiation absorption is noticed at 606 nm with a
shoulder at ~755 nm. As time progressed with the irradiated solution at 0 °C, the
maximum absorption changed from 606 nm to 579 nm. The shoulder at 755 nm
had dissipated consistently for the first 15 min and was completely absent after
60 min.
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Figure 14. UV-Vis spectral changes after UV irradiation with a 254 nm lamp of 4
in n-heptane (0.71 mM) at 0 °C. Top to bottom: 3, 6, 9, 12, 15, 30, 45, 60 min
delay after 2 min irradiation of 4.
UV spectral changes upon photolysis of 10 (synthesized via
method 1) in n-heptane at low temperature
Following 1 min of UV irradiation of the translucent yellow solution of 10 in
n-heptane a light translucent purple solution remained. The chilled solution did
not qualitatively change in appearance after 15 min. In Figure 15, a slight
shoulder was noticed at 725 nm for the first 15 min following UV irradiation. A
constant absorption maximum at 558 nm was noticed the entire 15 min duration.
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Figure 15. UV-Vis spectral changes following UV irradiation with a 254 nm lamp
of 10 in n-heptane (1.7 mM) at 0 °C. Top to bottom: 2 min irradiation, 1, 2, 3, 4,
5, 10, 15, 20, 45, 60 min after irradiation of 10.

Time-resolved infrared spectroscopy of a mixture of 4 and 24
in n-heptane at the nanosecond timescale
The averaged spectra collected from the ns TRIR experiments of a
mixture of 4 and 24 in n-heptane are shown in Figure 16. At 50 ns, absorption at
1880 cm-1 is noticed yet at 200 ns absorptions were noticed at 1880 and 1872
cm-1. From 0.5 to 20 μs a continual absorption was noticed at 1872 cm-1.
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Figure 16. TRIR spectral measurements of a mixture of 4 and 24 in n-heptane
(1.43 mM) using a 266 nm pump. Top to bottom: 0.05, 0.2, 0.5, 1, 2, 5, 20, and .5 μs delay.
Table 11. Data from Figure 16 with absorbance values to each corresponding
wavenumber
wavenumber (cm-1)
1880
time (μs)
0.05
0.2
0.5
1
2
5
20

1872
absorbance

0.045
0.115
0.094
0.117
0.112
0.111
0.091
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0.018
0.034
0.060
0.047
0.052
0.047
0.045

Time-resolved infrared spectroscopy of 4 in n-heptane at
the nanosecond timescale
The ns TRIR data averaged can be observed in Figure 17. A consistent
absorption is noticed at 1882 cm-1 with a shoulder at 1872 cm-1 from 5 to 1000
ns.

Figure 17. TRIR spectral measurements of 4 in n-heptane (2.53 mM) using a
266 nm pump. Top to bottom: 5, 10, 50, 500, 1000, and -20 ns delay.
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Table 12. Absorbance values of each corresponding wavenumber in Figure 17.
wavenumber (cm-1)
1882
1872
time (ns)
absorbance
5
0.053
0.012
10
0.048
0.002
50
0.048
0.014
500
0.070
0.044
1000
0.068
0.023

Time-resolved infrared spectroscopy of 10 in n-heptane at
the nanosecond timescale
The ns TRIR data in Figure 18 show absorptions at 1884 and 1878 cm-1,
with the absorption at 1878 cm-1 being greater than at 1885 cm-1. Between 5 and
1000 ns, no appreciable change in absorption at either wavenumber is noticed.
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Figure 18. TRIR spectral measurements of 10 in n-heptane (2.30 mM) using a
266 nm pump. Top to bottom: 5, 10, 50, 200, 500, 800, 1000, and -20 ns delay.

Table 13. Data from Figure 18 with absorbance values to each corresponding
wavenumber
wavenumber (cm-1)
1885
1878
time (ns)
absorbance
5
0.016
0.055
10
0.023
0.061
50
0.018
0.062
200
0.024
0.073
500
0.034
0.085
800
0.005
0.053
1000
0.042
0.088
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Chapter IV
Discussion
1

HNMR characterization
All synthetic steps were monitored by 1HNMR spectroscopy, with pertinent

chemical shifts listed in Tables A2 and A3.
13

CNMR characterization
The tricarbonyl (4, 9, and 10) and dicarbonyl (14 and 16) structures were

confirmed by 13CNMR spectroscopy (see Appendix Figures). All compounds
confirmed by 13CNMR spectroscopy having a linear alkyl chain were indicated by
chemical shifts between 32-14 ppm. All other relevant chemical shifts for the
cymantrene substituents‟ and picolinyl carbons are assigned below.
Chemical shifts for all of the alkylated species are derived from the
formula:

δ = -2.5 + ΣnA
(1)
e.g., δ for the methyl group of 9 = -2.5 + (9.1 x 1) + (9.4 x 1) + (-2.5 x 1) + (0.3 x
1) + (0.1 x 1) = 14.8 ppm (observed = 14.4 ppm) where δ is the predicted shift for
the carbon atom, A is an additive shift parameter, and n is the number of carbon
atoms for each shift parameter (listed in Table 14).29
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Table 14. Additive shift parameters corresponding to linear alkyl chain carbons
13
C Atoms
Chemical shift (ppm)
α
9.1
β
9.4
γ
-2.5
δ
0.3
ε
0.1

Synthesis of 6 and 22
The first step of the original approach to synthesizing 4 was acylating the
Cp-ring of 5 at the β-position with respect to the methyl substituent (6, Scheme
28). A 45:55 ratio of 22 and 6 formed (26% and 32%, respectively), based on the
GC/MS area ratios and mass recovery of the three samples collected via
chromatography (after elution of 5). The almost equivalent distribution of
products suggests that the Friedel-Crafts acylation of 5 has no regiospecificity.

26 %

6%

32 %
22 %
Scheme 28. Synthetic steps producing 6, 7, 22, and 23
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When analyzing the 1HNMR spectra for 22 and 6 (Figures A1 and A2,
respectively), similar chemical shifts are noticed by the collected oils. In Figure
A1, a distinctive triplet (J = 8.1 Hz) was formed in the methylene (α-carbon)
region (2.58 ppm) adjacent to the carbonyl ketone formed from acylation of the
Cp-ring of 5. This chemical shift is similar to α-methylene hydrogens from
propanoyl cymantrene.30 The coupling constant of the triplet falls within the
expected range (6-8 Hz). The three multiplets at 4.64, 4.70, and 5.26 ppm are
similar to chemical shifts in the Cp-ring region (4-, 3-, and 5-Cp positions,
respectively) of an analogous α-disubstituted Cp-ring (4.71 and 5.28 ppm, two
hydrogens and one hydrogen, respectively of {2-methyl-1-propionylcyclo
pentadienyl}tricarbonylmanganese).31 The singlet at 2.26 ppm is likely a methyl
group attached to the Cp ring, removed from other hydrogens of 22.

The

multiplet (normalized at two hydrogens) at 1.66 ppm is indicative of a βmethylene of the carbon chain. To complete the alkyl chain, two multiplets are
recognized at 1.30 and 0.87 ppm (six and three hydrogens, respectively). Such
chemical shifts are noticed for every product analyzed which have a linear alkyl
chain attached.
In Figure A2, the three multiplets at 4.68, 5.25, and 5.33 ppm agree with
chemical shifts in the Cp-ring region of an analogous β-disubstituted, acylated
Cp-ring (4.70, 5.27, and 5.35 ppm for the 4-, 2-, and 5-Cp positions, respectively
of {3-methyl-1-propionylcyclopentadienyl}tricarbonylmanganese).31 As noticed
with 22 (at 2.58 ppm, Figure A1), a triplet (J = 8.1 Hz, two hydrogens) is noticed
at 2.52 ppm, which is indicative of a ketone α-carbon methylene group. The
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chemical shift at 2.52 ppm is a triplet from the splitting of hydrogens from
neighboring β-carbon methylene hydrogens (two, 1.65 ppm, multiplet). A singlet
is observed at 2.00 ppm constituting three normalized hydrogens and is removed
from any neighboring hydrogens so splitting of the signal is not expected. The
remainder of the linear alkyl chain is accounted for by the multiplets at 1.29 and
0.87 ppm (eight and four hydrogens, respectively). The over integration of three
hydrogens (12 total) for the nine expected hydrogens was also noticed in Figure
A1 is attributed to aliphatic impurities (22).
Since both products were difficult to separate in bulk, the silyl reduction
was conducted on a 22 and 6 mixture (see “Synthesis of 7 (method 2)”). The
reduction of 6 to the β-isomer 7 occurred (22 %) with evidence of the reduction of
the α-isomer to form 23 (6 %) in the same medium (Scheme 28). When both 7
and 23 were formed from a mixture of 22 and 6 the effort to separate 7 from 23
via chromatography was even more futile than the chromatographic procedure
following the first synthetic step.

Synthesis of 7 and 23
When assessing the chemical shifts of the 1HNMR spectrum (Figure A4)
obtained of 7 and 23, the data shows broad splitting patterns. The fact the
chemical shifts in the Cp region are in such a small range (4.49 and 4.40 ppm for
23 and 7, respectively) is consistent with dialkylated Cp-ring H chemical shifts.32
In Figure A3, a multiplet is noticed at 4.40 ppm as well, suggesting that the ratio
of formation of 7 to 23 (from the integrations of the peaks at 4.40 and 4.49 ppm,
respectively in Figure A4) is 4:1 from the 6/22 mixture.
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The overlapping multiplets at 2.26 and 2.18 ppm (upfield from the αmethylene of the starting materials‟ {6 and 22} triplets, 2.58 and 2.52 ppm,
respectively) is consistent with diastereotopic α-methylene protons (two
hydrogens) of 7 and 23 overlapping with one another (2.13 ppm for 7 in Figure
A3). There is overintegration at 0.84 ppm (approximately eight hydrogens
instead of an expected three hydrogens from the methyl substituent on the heptyl
chain) which is due to 3.25 normalized hydrogens (and a 2.5 hydrogen
integration at 0.50 ppm), likely from residual solvent and non-polar by-products
carried over via chromatography (hexanes and {Et3Si}2O - a quartet at 0.50 ppm,
J = 8.1 Hz and a triplet at 0.84 ppm, J = 8.1 Hz are similar to literature of 0.94
and 0.54 ppm, J = 7.9 Hz).33 The adjusted yield is calculated with the 6.25
hydrogens divided by the expected 30 hydrogens of (Et 3Si)2O is a normalization
of 0.21 hydrogens with relation to the integrations assigned to 7/23, where:
(Et3Si)2O = (0.21 mol)(248.56 g/mol) = 51.783 g
and 7 and 23 (equal in molecular weight) = (1 mol)(330 g/mol) = 330 g
(2)
thus the weight distribution of the 1.05 g sample collected from chromatography
is (1.05 g)(330 g/381.783 g) = 0.91 g34
(3)
The FeCl3/HSiEt3/acetic acid-catalyzed reduction applied was effective in
reducing the ketone of 6 with a yield of 11 % (see “Synthesis of 7 (method 1)”).
The simplicity of adding a stronger acid than acetic acid (trifluoroacetic acid,
which is six orders of magnitude more acidic and applied in greater molar
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equivalents) and forgoing the addition of a Lewis acid catalyst actually improved
the yield of 7 to 22% (23 = 6 %, though inseparable from 7. See “Synthesis of 7
(method 2)”).

Synthesis of 8
After successfully isolating the ketal-protected compound 8 (see
“Synthesis of 8”), the 1HNMR spectrum (Figure A5) shows that multiplets at 4.11
and 3.94 ppm integrate to four normalized hydrogens total and represent a
diastereotopic pair of methylene protons expected in a 2,2-disubstituted 1,3dioxolane ring as seen with 2-(2-phenylethyl)-1,3-dioxolane (lit.: 4.02-3.84 ppm
in CDCl3).35 The multiplets at 4.40, 4.75, and 4.83 ppm are upfield from the
multiplets in the Cp-region of starting material 6 (Figure A2: 4.68, 5.25, and 5.33
ppm which represent 4-, 5-, and 2-Cp, respectively) which integrate to one
normalized hydrogen each. A multiplet at 1.73 ppm integrates to two hydrogens
and again is upfield from the α-methylene of 6 (a triplet {J = 8.1 Hz} at 2.52 ppm).
The neighboring 1,3-dioxolane ring structure has electron-donating ether groups
which have a shielding effect when compared to the ketone carbonyl of 6. The
broad singlet at 1.91 ppm is likely the methyl substituent attached to the Cp ring
with no evidence of splitting from the lack of neighboring hydrogens to the methyl
group. The two multiplets at 1.19 and 0.85 ppm (nine and three hydrogens,
respectively) account for the remainder of the alkyl chain, with excess of one
hydrogen from the 11 expected hydrogens.
The 9% yield for formation of 8 after chromatography was low (Scheme
29, first step). Perhaps a presence of H2O in the reaction flask did not allow the
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reaction to proceed shifting the equilibrium back to a favored starting material 6.
A reaction flask with molecular (4A) sieves may have circumvented the moisture
problem as well. It may also be inferred that the protonated hexyl-Cp carbonyl
intermediate is not very susceptible to a nucleophilic attack from the ethylene
glycol oxygen lone-pairs (weak nucleophile).36 A protecting group formation step
inevitably leads to two additional, subsequent steps which were not attempted in
Scheme 29. The explicit purpose of introducing the protecting group substitution
was to avoid competing substitution on the heptanoyl group.

Scheme 29. Proposed synthesis of 4 via protection/deprotection
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Synthesis of 4 (method 1)
In addition to the chemical shifts reported for 4, additional shifts were
noticed in the 1HNMR spectrum (Figure A9) of the mixture in CDCl3 at 4.77 (5Cp), 4.56 (3-Cp), and a multiplet is expected at 4.68 ppm for the 4-Cp, likely
overlapped by the multiplet(s) from the hydrogens of the 2- and 5-Cp positions of
4 (which assignments are later established in the Discussion text as well as
Figure A10). There are two chemical shifts at 4.82 and 4.62 ppm which are likely
Cp hydrogens (4- and 3-position, respectively) of 24 based on the Cp shifts seen
in Figure A10 and the starting material 23. Aside from the Cp-ring shifts which
relatively integrate to one-third hydrogen for 24, the chemical shifts for the pyridyl
group (8.64, 8.00, 7.79, and 7.45 ppm which are one hydrogen each and account
for the 6-, 3-, 4-, and 5-py positions. See Discussion – Synthesis of 9 (Figure A8
- for multiplicity of similar chemical shifts) and heptyl chain (multiplets at 1.21 and
0.81 ppm, which integrate to 12 and four hydrogens, respectively) of 24
overlapped those same chemical shifts for 4 (as do the 2-pyridinyl chemical
shifts). This suggests that the material recovered was ~1:4 4:24. The over
integration at 1.41, 1.21, and 0.81 ppm is likely from the overlap of the heptyl
chain signals from two products formed (0.6, 2.4, and 0.9 hydrogens from 24,
respectively). A multiplet at 2.20 ppm which integrates to two hydrogens (also
noticed in Figure A10) is likely the α-carbon methylene of the linear alkyl chain of
4 and 24. Additionally, a singlet at ~1.90 ppm is evident of the methyl group of
trace ethyl acetate from the chromatography procedure.
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By inadvertently synthesizing 25 (Scheme 30, see “Synthesis of 4 (method
1)”), the 1HNMR spectrum (Figure A12) would serve as a good spectroscopic
reference (and synthetic inspiration) for the preparation of 10. The four 2pyridinyl chemical shifts (8.66 (m), 8.07 (m), 7.79 (t, J = 8.1 Hz), and 7.43 ppm
(m), representing the 6-, 3-, 4-, and 5-Py hydrogens, respectively) were
normalized as one hydrogen each. An additional four multiplets at 5.02 (dd, J =
5.7, 3.5 Hz), 4.80 (m), 4.65 (m), and 4.36 ppm (m) were representative of the
methine, 5-Cp, 2-Cp, and 4-Cp, respectively (normalized at one hydrogen each).
A pair of broad singlets at 1.98 and 1.65 ppm integrating to two diastereotopic
hydrogens total (α-methylene group) is surrounding two singlets at 1.85 and 1.82
ppm which integrate to three hydrogens total (Cp-methyl group). These four
signals suggest two stereoisomers from the handedness of the disubstituted Cpring. Some impurity is noticed with multiplets at 8.15, 5.21, 4.91, 4.50, and 4.41
ppm and a singlet overlapping at 2.00 ppm. These chemical shifts are likely
representative of an α-isomer of 25 (30, Figure 19).

Figure 19. The structure of the α-isomer of 25

The picolinyl pendant addition via nucleophilic acyl substitution on a
mixture of substrates 7 and 23 resulted in the formation of products 4, 24, and 25
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(Scheme 28). The reaction resulted in yields of 15 and 4 %, respectively, as well
as 25 from addition at the α-carbon of the chain (11 % yield, see “Synthesis of 4
(method 1)”, Figure A12). The distribution of 4 to 25 formation was 1:1.4,
implying that the deprotonated Cp-methyl group of 7 is a better nucleophile than
a bulkier, deprotonated α-carbon methylene group from the alkyl chain. The
overall yield of 4 from method 1 synthesis was 1.1% (impure due to
chromatographically-inseparable 24).

15 %

4%

11 %

Scheme 30. Synthesis of 4 (method 1) with by-products 24 and 25

Synthesis of 1
The synthesis of 1 was verified by the 1HNMR spectrum (Figure A6)
acquired using CDCl3. A singlet at 4.20 ppm was noticed integrating to two
hydrogens; likely the methylene group between the picolinyl moiety and the Cpring as no splitting was observed. Two multiplets were observed at 4.69 and
4.85 ppm, integrating to two hydrogens each and those chemical shifts
represented the hydrogens of the 3-/4-Cp and 2-/5-Cp positions, respectively. A
total of four multiplets were also observed at 7.51, 7.86, 8.07, and 8.70 ppm (one
hydrogen each) which accounted for the pyridine hydrogens at the 5-, 4-, 3-, and
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6-positions, respectively. These assignments are consistent with previous
reported shifts from the group.37
For an alternate approach to synthesizing 4, a simple rearrangement of
steps reduced the unwanted side reactions and impurities plaguing the original
synthetic route (Scheme 31). By synthesizing 1 (with a reported best-yield step
of 77%) via a previously-published procedure from 5 and performing an alternate
synthesis (see “Synthesis of 9” and “Synthesis of 4 (method 2)”),
chromatography is averted for the first steps in the original schemes (Scheme 26
and 28).37

77 %

14 %

14 %

37 %
Scheme 31. Alternate synthetic scheme for the formation of 4

Synthesis of 9
After isolating the red oil 9 via flash chromatography, the 1HNMR spectrum
(Figure A7) of the material in CDCl3 was consistent with a selective acylation of
1. The chemical shifts which justified that the acylation occurred at the β-Cp
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position were the two multiplets and a broad singlet which integrated at one
hydrogen each at 4.96, 5.37, and 5.53 ppm (4-, 5-, and 2-positions, respectively).
Other telling chemical shifts include the triplet at 2.56 ppm (J = 7.3 Hz, two
hydrogens) which was consistent with an α-methylene group with respect to a
conjugated carbonyl (opposite of the Cp-ring). Two multiplets (8.08 ppm, which
resemble a doublet (7.8 Hz) split by the 4-py hydrogen and 7.52 ppm, which is
split by the neighboring 6- and 4-py hydrogen) and a triplet (7.87 ppm, J = 7.8
Hz, split by hydrogens at the 3-py and 5-py positions), which represented the
pyridine hydrogens of the 3-, 4-, and 5-positions, were slightly deshielded by the
acylation of the Cp-ring. It should be noted that for all tricarbonyl species
analyzed in CDCl3 with a 2-acylpyridine side arm, the same splitting patterns
described above are noticed for 2-pyridinyl hydrogens 3-6.
For 9 (Figure A8, measured in DMSO-d6) two organic CO (quaternary,
low-intensity) chemically-inequivalent signals were present at 198.4 (adjacent to
2-pyridinyl group) and 197.7 ppm (acyl-Cp). A chemical shift at 224.7 indicates a
CO ligand based upon other CpMn(CO)3 complexes.1 The five pyridinyl chemical
shifts at 152.6 (2-py, low intensity), 149.8 (6-py), 138.3 (4-py), 128.8 (5-py), and
122.3 (3-py) are higher in chemical shift than those reported for 1 in the same
solvent.1 There were also five Cp chemical shifts at 100.9 (3-Cp, low intensity),
91.5 (1-Cp, low intensity), 88.9 (2-Cp), 87.4 (4-Cp), and 87.2 (5-Cp) ppm which
indicated that the ring was disubstituted; the two chemical shifts at 100.9 and
91.5 ppm suggest quaternary carbons. The α-methylene of the heptanoyl moiety
was indicated by the chemical shift at 38.6 ppm. The methylene α- to the organic
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carbonyl (Cp) was represented by the chemical shift at 36.7 ppm. The remaining
chemical shifts of the five carbons of the chain are noticed between 31.6 and
14.4 ppm; their assignments estimated by the calculations from Eq. 1. Two
chemical shifts noticed at 65.5 (noise) and 48.3 ppm (possibly trace MeOH from
quenching the acid chloride carried over during chromatography).
When acylating 1, a regiospecific electrophilic substitution occurred at the
β-position of the ring (mechanism in Scheme 32) forming 9 with a yield of 14%.
The yield may be optimized by minimizing exposure of 1 to the Lewis acid
catalyst. The excess AlCl3 used in the procedure was due to the potential
coordination of the lone pairs of the pyridinyl ring N and the organic carbonyl of 1
to the AlCl3 catalyst. The bulk of the picolinyl side arm was great enough that no
α-acylation had been observed.
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Scheme 32. Intermediates leading to the formation of 9

Synthesis of 4 (method 2)
The last step of Scheme 31 to form 4 involved the selective organic
carbonyl silyl-acid reduction of 9 (a method previously used to form compounds 7
and 23. See “Synthesis of 4 (method 2)”). The TFA molar equivalent was
increased to 16-fold so the protonation of the pyridine ring (and the hexylCp/picolinyl carbonyls) and the 10-fold molar equivalent demanded by the
method published (aryl-alkyl substrates which had no protic substituents capable
of being protonated at low pH) was compensated.23 A 4.5 molar equivalent of
HSiEt3 was applied (2.2 eq. in publication, 2.6 eq. actually used).
The 1HNMR spectrum obtained of 4 in CDCl3 is shown in Figure A10.
The four 2-pyridinyl and pendant methylene hydrogens were accounted such as
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those reported for 1. Two chemical shifts accounted for the three Cp hydrogens
at 4.68 (multiplet, two hydrogens) and 4.47 (multiplet, one hydrogen) ppm. The
combined areas of the Cp ring region suggest that the ring is disubstituted. The
multiplet at 4.68 ppm is a result of two signals (possibly a broad singlet and a
multiplet) from the 2- and 5-Cp positions overlapping despite the heptyl chain
substituent attached to the ring at the 3-position. The 4-Cp hydrogen is likely
accounted for by the multiplet at 4.47 ppm, since the hydrogen is not adjacent to
the acyl substituent at the 3-position. A multiplet at 2.15 ppm integrating to two
hydrogens differs from the expected relative intensities of a first-order triplet
(1:2:1), which may be an attribute of the stereogenic nature of the Cp-ring with
respect to the pendant and heptyl chain (Figure 20). Both multiplets at 1.19 and
0.81 ppm have relative areas of 12 and four normalized hydrogens, respectively,
which account for the remainder of the heptyl chain‟s (11 expected hydrogens)
chemical shifts. The aliphatic region is over integrated by five hydrogens.
To further confirm that 4 had been synthesized, the disubstituted Cp-ring
chemical shifts in the 13CNMR spectrum (Figure A11) were compared to the
13

CNMR data of 9 (Figure A8). Five chemical shifts observed between 152.6

and 122.3 ppm likely account for the 2- (152.9 ppm), 6- (148.8 ppm), 4- (136.7
ppm), 5- (126.9 ppm), and 3-py (121.9 ppm). The lower Cp chemical shifts at
106.6 (1-Cp, low intensity), 96.8 (3-Cp, low intensity), 84.1 (2-Cp), 83.2 (5-Cp),
and 80.7 (4-Cp) ppm indicated that the Cp organic carbonyl from the starting
material 9 was reduced. Only one organic carbonyl chemical shift was noticed at
196.7 ppm versus two carbonyl chemical shifts at 198.4 and 197.7 ppm for 9.
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The pendant methylene signal at 36.2 ppm is lower than the chemical shift for the
pendant methylene of 9 (36.7 ppm) but this is likely due to the electron-poor
carbonyl substituent having been reduced. The chemical shift at 31.9 ppm
accounts for the α-CH2 of the alkyl chain.
After isolating 9, a silane-acid reduction which selectively-reduced the
hexyl carbonyl was performed affording a 37 % yield forming 4. The mechanism
involved forming an alcohol intermediate when the aryl-alkyl carbonyl‟s oxygen
abstracts H+ from the excess TFA and the hydride from a TFA-HSiEt3 complex.38
This process is repeated; (SiEt3)2O molecules are formed for every aryl-alkyl
ketone carbonyl reduced forming the product 4 (and an analogous 7 from 6,
Scheme 33). The final product is limited to 2 stereogenic isomers (Figure 20) of
4; the overall yield for the entire synthetic scheme (Scheme 29) was 4%.

Figure 20. Mirror images above-plane of 4 showing stereogenic characteristics
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Scheme 33. Reduction mechanism for beta-acylated Cp-ring

When the reduction of 9 at the pendant carbonyl is considered, a
comparison can be drawn to reducing 2-acetylpyridine to 2-ethylpyridine which
involves harsher conditions, making the reduction unlikely with the silane-acid
media.39 A one-pot synthesis may have been beneficial in averting another
chromatography step simply by adding HSiEt3 into the reaction mixture of the
acylation step, and avoiding the use of TFA altogether.

83

Synthesis of 10 (method 1)
When reviewing the 1HNMR spectrum (Figure A18) of 10 (see “Synthesis
of 10 (method 1)”) in CDCl3 a mixture of 10 in addition to 26 and 27 are noticed
by the chemical shifts. The four 2-pyridinyl chemical shifts of 10 are the signals
integrating to one hydrogen each at 7.42 (td), 7.79 (td), 8.07 (d), and 8.66 (br d)
ppm representing the 5-, 4-, 3-, and 6-positions, respectively. These four
chemical shifts are similar to the 2-pyridinyl group of 1.
Corresponding dialkylated enol ether (26 and 27) chemical shifts of the
pyridine ring (multiplets which integrate ~0.20 the value of the integrations
assigned to 10) at 8.57, 7.82, 7.69, and 7.25 ppm represent the 6-, 3-, 4-, and 5positions as well. A chemical shift at 5.12 ppm (dd, J = 5.9 Hz, 3.0 Hz) that
integrated as one hydrogen was similar to the methine hydrogen seen in the
1

HNMR spectrum of 25 (Figure A11, 5.02 ppm). The two quartets at 4.83 and

4.94 ppm are normalized at one hydrogen each and represent the 2- and 5-Cp
hydrogens of 10, respectively. These multiplets are split by the 3-,4-Cp
hydrogens, however they are not magnetically-equivalent based upon the two
pendants. The methine hydrogen at 5.07 ppm is split by the adjacent α-carbon
methylene hydrogens. A triplet at 4.55 ppm (J = 2.4 Hz) integrating to two
hydrogens is representative of the 3- and 4-Cp protons, and the J-value is
consistent with „meta-coupling‟ of hydrocarbon aromatic ring protons.40 Two
triplets (J = 2.3 Hz) integrate to 0.41 hydrogens each are noticed at 4.72 and
5.22 ppm which represent the 3,4-Cp and 2,5-Cp positions of the enol ether 26,
respectively. Two triplets (J = 2.3 Hz) integrate to ~0.25 hydrogens each are
also noticed at 4.51 and 5.03 ppm which represent the 3,4-Cp and 2,5-Cp
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positions of the enol ether 27, respectively. The diastereotopic α-methylene
hydrogens (adjacent to O and the double bond) are distinguished by the two
multiplets at ~3.37 ppm.
The most distinctive attribute of the 1HNMR spectrum to discern the
dialkylated enol ether by-products 26 and 27 from an enol tautomer of 10 was the
integration of the region between 2.5-0.8 ppm (See Figure A18: 4-0 ppm
expansion for calculations). The chemical shifts are two multiplets at 2.25 and
1.49 ppm representing the diastereotopic β-CH2 hydrogens. The methyl
substituent of 10 (and presumably its enol equivalent) contributes to the multiplet
at 0.78 ppm integrating to eight hydrogens. The integrations relatively show that
a ratio of 0.75:3:3 of 26/27:10:hexanes accounted for the areas in the alkyl chain
region (2.5-0.8 ppm: four hydrogens from 2.5 to 1.35 ppm, 24 hydrogens at 1.18
ppm, and eight hydrogens at 0.78 ppm, for a sum of thirty-six hydrogens.
Calculated in Figure A18: Subtracting fifteen normalized hydrogens via
integration from the heptyl chain of 10, subtract roughly six hydrogens to account
for a total of 4 heptyl chains from 26 and 27, and the estimated remaining
fourteen hydrogens would account for hexanes that may not have been removed
via rotary evaporation).
In conducting a synthesis of 10 in a one-pot system, a compromise in yield
results from enol ether formation 26-29 (Scheme 34). When forming the anion of
10 in solution about 20 % forms dialkylated enol ethers 26 and 27 from an
enolate behaving as a nucleophile to form an enol ether with a 0.1 molar excess
of 1-bromoheptane. The yield (25 %) was compromised with the compounds 26
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and 27 being inseparable and co-eluting with 10 during the chromatography
procedure (as well as the formation of 28/29).

Scheme 34. Intermediates and by-products via one-pot synthesis of 10

The enol ether 28, formed from the enolate intermediate, was separated
from products 10, 26, and 27, and analyzed via 1HNMR spectroscopy (Figure
A19). Once the enol ether is formed (alkoxy being a weak nucleophile), no
subsequent deprotonation can take place since there are no more acidic protons.
The 1HNMR spectrum of 28 showed four peaks with typical multiplicity in the
pyridine ring chemical shift region at 8.54, 7.65, 7.41, and 7.17 ppm integrate to
one hydrogen each. A singlet at 6.30 ppm is likely due to an isomer with a cis
Cp-ring and pyridinyl group is likely. The two multiplets at 5.19 and 4.68 ppm
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integrate to two hydrogens each and represent the 2,5- and 3,4-Cp positions of
28, respectively. A triplet (J = 7.0 Hz) at 3.74 ppm integrating to two hydrogens
is consistent with a methylene α- to the O of the enol ether substituent of 28. The
methyl substituent of 28 is accounted for by the multiplet centered at 0.83 (four
hydrogens, over integrated). The over-integration at 1.30 ppm region is roughly
three hydrogens, likely from the presence of 29 and some residual
chromatography solvent (hexanes).

Synthesis of 12
In Figure A15, the 1HNMR spectrum depicted shows a crude mixture of 12
with by-products seen in the 1HNMR spectrum intermediates 7/23 using the
same reduction procedure (Figure A4, <1 ppm. See “Synthesis of 12”). A
multiplet is noticed at 4.60 ppm (4.7-4.5 ppm expansion) which accounts for four
normalized hydrogens. Chemically, the hydrogens that would occur at that
chemical shift are the Cp-ring hydrogens. A multiplet (pseudo-triplet, also
noticed with 7/23 and 4 at ~2.20 ppm) is observed at 2.23 ppm which is the
chemical shift representing two hydrogens at the α-carbon of the octyl chain.
These are split by the two hydrogens at the β-carbon (1.48 ppm, integrating to a
pair of hydrogens). A multiplet which integrates to over the expected hydrogen
count (10, with ~14 normalized integration units observed) is present at 1.18
ppm. The methyl substituent (three normalized integration units) is assumed to
appear as a triplet approximately at 0.86 ppm. The seventy-five hydrogens
(seventy-two in excess) are likely methylene hydrogens from (Et3Si)2O and
methyl hydrogens from hexanes and (Et3Si)2O. Fourty-six hydrogens normalized
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to the hydrogens of 12 are noticed by the multiplet at 0.46 ppm, which would be
consistent with a chemical shift of methylene groups from the side product
(Et3Si)2O. Given the normalized equivalent of 46 (12 expected) methylene
hydrogens of (Et3Si)2O (and 69 hydrogens of 18 expected hydrogens from the
chemical shift at 0.86 ppm), 3.8 molar equivalents of (Et 3Si)2O are calculated to
adjust the yield:
(Et3Si)2O = (3.8 mol)(248.56 g/mol) = 952.8 g
and 12 = (1 mol)(330 g/mol) = 330 g
(4)
of the 0.53 g recovered, g 12 = (0.53 g)(330 g/1282.8 g) = 0.14 g
(5)

Synthesis of 10 (method 2)
The same assignments which were previously-addressed for 10 are the only
chemical shifts which appear in Figure A16 – a 1HNMR spectrum of 10 formed
from method 2 (electrophilic addition to the α-carbon of 12). In addition to
1

HNMR spectroscopy data, a 13CNMR spectrum (obtained in CDCl3, Figure A17)

confirmed that no impurities were present with the desired target.
The inorganic CO is accounted for by the chemical shift of low intensity at
224.6 ppm. The organic CO is accounted for by the chemical shift of low
intensity at 200.3 ppm. The five 2-pyridinyl chemical shifts are witnessed in the
spectrum at the chemical shifts 152.6 (2-py, low intensity), 148.9 (6-py), 137.0 (4py), 127.4 (5-py), and 123.0 (3-py) ppm. The chemical shifts accounting for the
monosubstituted Cp ring are as follows: 100.8 (1-Cp, low intensity), 85.7 (2-Cp),
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85.3 (3-Cp), 81.0 (5-Cp), and 80.2 (4-Cp). This is likely from the asymmetric
environment of the pyridinyl/carbonyl and branched alkyl chain pendants where
four separate chemical shifts are noticed (two are normally noticed for symmetric
monosubstituted Cp-compounds like 1) for the monosubstituted Cp-ring. The
methine carbon is represented by the chemical shift at 41.3 ppm. The α-CH2 is a
medium intensity chemical shift at 35.1 ppm. Similar chemical shifts were
assigned in the alkyl region (31.7 to 14.0 ppm) for 10 as previously mentioned for
4 and 9. The overall yield for this approach (Scheme 35) was 2.1 %.

8%

27 %

Scheme 35. Two-pot, two-step synthesis of 10

Synthesis of 14
Dicarbonyl species 14 was analyzed via 1HNMR spectroscopy (Figure
A13) in toluene-d8 with residual solvent peaks obscuring a product peak. Three
peaks were observed at 8.72 (d, J = 8.1 Hz, 6-py), 6.46 (t, J = 8.1 4-py), and 5.78
(t, J = 8.1 Hz, 5-py) ppm, which were consistent with the expected 2-pyridinyl
hydrogens‟ (all of which integrated to one hydrogen each) chemical shifts. The
5-py assignment‟s chemical shift, however, appears to have no literature
precedence for a value so low. These first-order splitting patterns are
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established by the chemical shift at 8.72 ppm split by the 5-py hydrogen (5.78
ppm), the chemical shift at 6.46 ppm split by the 4- and 6-py hydrogens (8.72 and
5.78 ppm, respectively), and the chemical shift at 6.46 ppm split by the 3-py
hydrogen (overlapped by solvent peaks between 7.20-6.92 ppm where an
expected doublet is to integrate to one hydrogen) and the 5-py hydrogen (5.78
ppm). Three pseudo-triplets which integrate to one hydrogen each were
observed at 4.44 (2-Cp), 4.34 (4-Cp), and 3.34 (5-Cp) ppm. The 5-Cp chemical
shift is lower than expected, but this may be a result of the solvent used (πelectron interactions between Cp-ring and toluene-d8). Second-order doublets at
2.88 and 2.72 ppm are assigned to the diastereotopic methylene hydrogens of
the chelate ring. A multiplet at 1.74 which integrated to two hydrogens is likely
from a diastereotopic pair from the α-methylene on the heptyl chain.
Overintegration in the aliphatic chemical shift region suggests that an impurity
is present in the recovered material of 14. Heptyl chain methylene chemical
shifts (1.24 ppm) overintegrate by eighteen hydrogens. A methyl group which is
expected at 0.92 is overintegrated by ten hydrogens. Doing simple arithmetic, a
total of twenty-eight hydrogens divided by sixteen expected hydrogens from the
solvent used during the chromatography procedure (n-heptane) means there is a
ratio of 1:1.75 of 14:n-heptane. The yield is adjusted to 54 % based on 0.042 g
of 14 in a 0.062 g recovery (see “Synthesis of 14”).
For the dicarbonyl species 14, the optimal solvent for analyzing the
chelate via 13CNMR spectroscopy (Figure A14) was toluene-d8. Despite
acquiring a 250-0 ppm range, the two inorganic carbonyls were not noticed in the
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typical 240-220 ppm range (as observed with 1).1 A very low intensity chemical
shift at 192.3 ppm justifies that the ketone carbon is slightly deshielded by the Nchelate formation (ketone carbon of 4 = 197.7 ppm in benzene-d6). The five
pyridinyl chemical shifts, some of which were overlapped by solvent chemical
shifts, were accounted for at 160.0 (2-py, low intensity), 159.3 (6-py), 134.5 (4py), 125.9 (5-py), and 123.2 (3-py) ppm. The disubstituted Cp-ring was
confirmed by the two low-intensity chemical shifts at 101.5 (1-Cp) and 93.6 (3Cp) ppm, both indicating quaternary carbons. Three other Cp-ring chemical
shifts were accounted for at 81.0 (5-Cp), 79.4 (4-Cp), and 76.7 (2-Cp) ppm. The
shift at 37.7 ppm confirmed that the pendant methylene barely differed from the
shift of the methylene substituent of 4 (36.2 ppm in benzene-d6). Similar
chemical shifts were assigned in the alkyl region (31.7 to 14.0 ppm) for 14 as
previously mentioned for 4.

54 %
Scheme 36. Synthesis of 14
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Synthesis of 16
In conducting the large-scale photolysis of 10 (synthesized from 5, see
“Synthesis of 16”) in n-heptane to form 16, the chelate was analyzed in CDCl3 via
1

HNMR (Figure A20). The four aromatic region chemical shifts observed at 8.84,

7.54, 7.37, and 6.89 ppm (multiplets, integrating to a hydrogen each) account for
the 6-, 4-, 3-, and 5-py positions, respectively. The splitting can be explained by
the chemical shift at 8.84 ppm having a doublet appearance (split by the
neighboring 5-py hydrogens at 6.89 ppm), the chemical shift at 7.54 ppm being a
multiplet (split by the neighboring 3- and 5-py hydrogens at 7.37 and 6.89 ppm,
respectively), the doublet-like chemical shift at 7.37 ppm (split by the 4-py
hydrogen at 7.54 ppm), and the triplet at 6.89 ppm (split by the other two
hydrogens attached to the pyridine ring).The pyridinyl N chelating to the metal
center withdraws electron density from the 6-position, deshielding the 6-position
hydrogen. The chemical shift at 6.89 ppm is a lower value than the tricarbonyl 10
(5-position) value of 7.42 ppm. Starting material (10) 2-pyridinyl chemical shifts
were also noticed at 8.65, 8.07, and 7.79 ppm (relative integrations of 0.3
hydrogens each). The four Cp protons of the monosubstituted ring of 16 are
accounted for by the multiplets at 5.00, 4.61, 3.83, and 3.71 ppm, which
collectively integrate to three hydrogens. The peaks at 5.00 (2-Cp) and 4.61 (3Cp) ppm are slightly upfield from the 2- and 3-Cp chemical shifts of 10 (4.94 and
4.49 ppm, respectively). This is a result of the bicyclic ring system formation.
Since the chemical shifts at 4.61, 3.83 (4-Cp), and 3.71 ppm (5-Cp) integrate to
~0.7 hydrogens each, additional chemical shifts noticed at 4.75, 4.55, and 3.78
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ppm integrate to 0.3 hydrogens each may account for the formerly-mentioned Cp
signals with low integration. It should be noted that the dialkylated enol ether (26
and 27) Cp shifts remained with the chelate 16 (judging from multiplets seen at
5.23, 5.05, 4.72, and 4.51 ppm).
The integrations below 2 ppm in Figure A20 demonstrate that impurities
(hexanes and 26/27) were not entirely removed during the
chromatographic/evaporation process based on the sample recovered. To
ascertain a more accurate yield, the integrations at 1.23 ppm (thirty-seven
hydrogens) and 0.85 ppm (fourteen hydrogens) were calculated with the
expected, thirteen-hydrogen contribution of 16 (ten hydrogens for CH2β-CH2δ,
three hydrogens for CH3), a 0.3 normalized integration of hydrogens of 26/27
(nine hydrogens total), and the remaining number of hydrogens from both
chemical shift integrations is residual hexanes from chromatography (twenty-one
hydrogens). Using molecular weights to derive the %-composition of the sample:
26/27 = (0.3 mol)(519 g/mol) = 155.7 g
16 = (1 mol)(393 g/mol) = 393 g
and hexanes = (1.875 mol)(86 g/mol) = 161.25 g,
(6)
the mass of 16 divided by the total weight based on integrations above,
(393 g/709.95 g)(100%) = 55.4 %,
and 55.4 % of 0.360 g recovered is 0.199 g 16.
(7)
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Dicarbonyl species 16 was also analyzed via 13CNMR spectroscopy
(Figure A21) in DMSO-d6, although the sample contains four compounds as
observed by the chemical shifts with lower intensities. Two inorganic carbonyl
chemical shifts were observed at 235.5 and 235.1 ppm. Their difference in
chemical shift can be summarized by the different electronic environments
depicted in Figure 21.41

Figure 21. Three-dimensional structure of 16

An organic CO was slightly-shielded by the formation of the N-chelate,
provided the chemical shift at 196.4 ppm (compared to the organic CO of 10 =
200.3 ppm, still present in the spectrum obtained). The five expected pyridinyl
chemical shifts were observed at 160.4 (6-py), 159.4 (2-py, low intensity), 137.9
(4-py), 126.5 (3-py) and 125.9 (5-py) ppm. The carbon where the methine
(pendant substituents of the Cp-ring were attached was indicated by a lowintensity chemical shift at 101.6 ppm. The other four Cp-ring carbons were
accounted for by the following chemical shifts: 83.1 (2-Cp, side of ring
formation), 79.1 (3-Cp, side of ring formation), 78.7 (5-Cp), and 78.6 ppm (4-Cp).
The methine carbon was confirmed by the chemical shift at 46.4 ppm.
Finally, it is assumed that the chemical shifts at low intensities that were
not previously-assigned to 16 are those of the photochemically-inert species 26
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and 27. In addition to inorganic carbonyl chemical shifts at 235.5 and 235.1 ppm,
other chemical shifts were noticed in the same region at 225.6 and 226.5 ppm. A
chemical shift at 198.9 ppm is indicative of an organic (ketone) carbonyl, but the
intensity is less than what is observed for the ketone of 16 and of the starting
material 10. A peak at 159.7 ppm is indicative of a 2-py carbon attached to a
dialkylated enol ether species geminal to the ether substituent of the alkene. The
low-intensity peaks at 138.1 and 137.7 ppm are likely the alkene carbons of 26
and 27 which have ether and 2-pyridinyl substituents in either configuration (E or
Z) with respect to the CpMn(CO)3 attached to the other neighboring alkene
carbons (112.8 ppm, low intensity). Eight aromatic ring chemical shifts were
noticed at 159.7 (2-py), 152.4 (6-py), 137.2 (4-py), 129.4 (?-py), 127.3 (?-py),
125.6 (?-py), 125.0 (?-py), and 123.9 (3-py) ppm. Cp-ring chemical shifts were
noticed for 26 (102.9, 83.2, 82.7, 82.0, and 80.9 ppm) and 27 (104.7, 87.7, 87.1,
86.1, and 84.0 ppm) with an additional two chemical shifts at 79.6 and 78.8 ppm.
A chemical shift at 69.4 ppm is likely the methylene carbon attached to the ether
oxygen. Other chemical shifts in the aliphatic region are observed at lower
intensity at 49.4, 36.6, 35.1, 32.1, 29.9, 28.6, 27.5, 25.8, 24.4, and 23.5 ppm,
which are likely any of the other eleven methylene carbons of 26/27 as well as
the trace hexanes isomers.
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41 %
Scheme 37. Synthesis of 16

Synthesis of 17-20
A sample of the orange crystals which were recovered from the synthesis
of 17 was analyzed via 1HNMR (Figure A22) in CDCl3. The two broad singlets at
5.47 and 4.94 ppm (literature: 5.49 and 4.96 ppm, respectively) integrating to
two hydrogens each were consistent with the Cp chemical shifts reported but the
singlet at 9.62 ppm integrating to one hydrogen was slightly upfield from the
literature value (9.35 ppm).23 This may also be a result of the CDCl3 solvent not
being entirely anhydrous.
. The 1HNMR data summarized (Table 16) from the spectrum of the
semicarbazone 18 in DMSO-d6 can be viewed in Figure A23. A singlet was
observed at 10.3 ppm integrated to a single hydrogen, consistent with an
aldimine proton. Another singlet at 7.45 ppm which integrates to one hydrogen is
consistent with a proton attached to the N2-atom of the semicarbazone
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substituent. The terminal amide protons (two hydrogens) were accounted for as
a broadened singlet at 6.48 ppm.26 The two multiplets at 5.09 and 5.64 ppm
integrate to two hydrogens each accounting the 3,4-Cp and 2,5-Cp protons,
respectively. This suggests that the semicarbazone formation deshields the 2,5Cp hydrogens‟ chemical shifts further than the starting material 17 2,5-Cp
hydrogens‟ chemical shifts.
In Figure A24, the 13CNMR spectrum of 18 in DMSO-d6 further
characterizes the semicarbazone with a total of six chemical shifts. A lowintensity peak at 225.7 ppm is indicative of the three inorganic carbonyls
attached to the Mn center. Another low-intensity peak is witnessed at 157.0 ppm
which is slightly lower in chemical shift than an analogous organic CO (156.1
ppm) from the semicarbazone moiety.42 A chemical shift noticed at 133.0 ppm is
consistent with a C=N. A chemical shift at 98.4 ppm is the quaternary carbon
where the semicarbazone substituent is attached to the Cp-ring (1-position).
Two chemical shifts which almost overlap at 83.8 and 83.7 ppm represent the
2,5-Cp and 3,4-Cp-position carbons, respectively.
The synthetic preparation the N2-alkylated semicarbazone species 19
(Scheme 36) was more straightforward than those synthetic problems addressed
synthesizing the alkylated tricarbonyl species 4 and 10. The formylation of 11
was successful (yield = 51%), though not near the extent of the yield reported in
the literature (70%).25 This may have been due to a dated n-butyllithium reagent,
although the reagent was properly stored at 2-8 °C according to the Material
Safety Data Sheet.
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The semicarbazone 18 was synthesized by the condensation of 17 with
semicarbazide. It should be mentioned that during the work-up/extraction
process of this synthesis, the material was insoluble in methylene chloride or
water and could be freely suspended in either medium without any evidence of
emulsification. Although 18 was a foamy, yellow suspension in water, the
material was crystalline yellow once air-dried. The yield of this reaction step was
74 %.
The 1HNMR spectrum of 19 is shown in Figure A25. The aldimine proton
was represented by the singlet at 7.35 ppm integrating to a single hydrogen.
This chemical shift is close to the value of an N2-alkylated 5-nitrofuran-2carboxaldehyde semicarbazone (7.42 ppm in CDCl3).26 A broadened pair of
singlets at 6.88 and 6.57 ppm integrated to about 2 hydrogens accounting for the
amide hydrogens. A similar set of multiplets observed in the Cp-region of 18 are
also observed accounting for the 3-/4-Cp and 2-/5-Cp-position hydrogens (5.09
and 5.70 ppm, respectively). A triplet (J = 8.6 Hz) was noticed at 3.76 ppm
integrating to two hydrogens and would be consistent with a set of methylene
hydrogens attached α to the N2-position. The other ten hydrogens comprising
the subsequent five methylenes (CH2β-CH2δ , as well as the methyl group of ethyl
acetate) were represented by multiplets at 1.38 (likely the β methylene) and 1.24
ppm (γ-δ methylenes). The methyl substituent was identified by a multiplet
integrating to three hydrogens at 0.86 ppm.
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Water (s, 3.34 ppm) and ethyl acetate (s, 2.00 ppm and q, 4.04 ppm)
integrate at 1.14 and 0.43 normalized hydrogens, respectively. For a more
accurate yield,
EtOAc = (0.43 mol)(88.91 g/mol) = 37.8873 g
H2O = (1.14 mol)(18.04 g/mol) = 20.5656 g
and 19 = (1 mol)(386 g/mol) = 386 g
(8)
so 386 g/(37.8873 g + 20.5656 g + 386 g) = 0.868
(0.868)(0.090 g) = 0.078 g of 19
(9)
In Figure A26, the 13CNMR spectrum of 19 in DMSO-d6 further
characterizes the semicarbazone with a total of 13 chemical shifts. A lowintensity peak at 230.3 ppm is indicative of the three inorganic carbonyls
attached to the Mn center. Another low-intensity peak is witnessed at 156.8 ppm
which is slightly lower in chemical shift than an analogous organic CO from the
alkylated semicarbazone moiety.26 A chemical shift noticed at 130.3 ppm is
consistent with a C=N (133.0 ppm for 18). A lower-intensity chemical shift at
99.7 ppm is the quaternary carbon where the semicarbazone substituent is
attached to the Cp-ring (1-position). Two chemical shifts which almost overlap at
84.0 and 83.5 ppm represent the 2,5-Cp and 3,4-Cp-position carbons,
respectively. Interestingly, a chemical shift at 48.5 ppm is witnessed. The
observed chemical shift was higher than the α-methylene C (40.8 ppm) of the
model compound from the cited procedure, 5-nitrofuran-2-carboxaldehyde N2-
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butyl-semicarbazone.26 The difference between the electronic environment of the
related aromatic systems (between 19 and 5-nitrofuran-2-carboxaldehyde N2butyl-semicarbazone) explain why there is a 7.7 ppm differential for that given
assignment. The alkyl chain‟s methylene carbons are accounted for with
chemical shifts at 31.8, 29.0, 26.7, 25.5, and 22.3 ppm, and a methyl peak at
14.5 ppm.
The alkylation of 18 led to the formation of 19 without the necessity of
chromatography. Upon rinsing the crude product obtained during the work-up
procedure with hexanes, beige crystals remained. A 21 % yield was obtained for
the alkylation step, where the overall yield was 7.9 %.

51 %

74 %

24 %
Scheme 38. Synthetic scheme of semicarbazone compounds 18 and 19
The free-ligand semicarbazone 20 was elucidated via the 1HNMR
spectrum obtained in DMSO-d6 (Figure A27). Two broad singlets were observed
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at 8.88 and 6.17 ppm (one and two hydrogens, respectively) which are the
chemical shifts of the hydrogens attached at the N2- and terminal amide
positions, respectively. A multiplet that is observed at 2.14 ppm (two hydrogens,
J = 8.1 Hz) is likely the chemical shift of an α-methylene signal. A singlet at 1.76
ppm (three hydrogens) represents the methyl group α- to the semicarbazone
where the hydrogen‟s signal is not split. Two multiplets are noticed at 1.45 and
1.25 ppm (two and four hydrogens, respectively) identifying the rest of the
methylene hydrogens from the alkyl chain (CH2β and CH2γCH2δ, respectively). A
triplet is noticed at 0.85 ppm which integrates to three hydrogens and suggests
that is the methyl chemical shift.
From the chemical shifts that indicate impurities, a low yield was
ascertained. Singlets at 3.34 (H2O, 13.71 equivalents), 1.84 (2-heptanone, 0.16
equivalents), and 1.59 ppm (KOAc, 0.61 equivalents) were observed and
incorporated into the calculation of the actual yield:
H2O = (13.71 mol)(18.04 g/mol) = 247.33 g
2-heptanone = (0.16 mol)(114.18 g/mol) = 18.27 g
KOAc = (0.61 mol)(98.14 g/mol) = 59.86 g
and 20 = (1 mol)(171.18 g/mol) = 171.18 g
(10)
for a ratio of 171.18 g/(247.33 g + 18.27 g + 59.86 g + 171.18 g) = 0.3446
(11)
so (0.3446)(0.370 g) = 0.128 g of 20
(12)
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Figure A28 is the 13CNMR spectrum of 20 in DMSO-d6, which aided in the
confirmation of the intended formation of 2-heptanone semicarbazone. Two lowintensity chemical shifts are noticed at 158.1 and 150.1 ppm, which account for
the CO and CN carbons, respectively. Although no

13

CNMR data can be found

for an analogous semicarbazone formed on an alkyl chain ketone, a higher CN
chemical shift value is observed when compared to 18 and 19. A chemical shift
at 16.1 ppm is likely the signal for the methyl group attached to the C=N.
The procedure used for the Schiff base formation of 2-heptanone (20,
Scheme 37) was low-yielding (4 %). Based on the scale, it was sufficient enough
to perform a free-ligand binding study with 5 in n-heptane. Instead of using
commercially-obtained potassium acetate, it was formed in-situ with acetic acid
and K2CO3 merely because of the unavailability of the reagent at the time.

4%
Scheme 39. Synthesis of 20

FTIR CO-stretch frequency characterization of all intermediates
and products
When characterizing all of the tricarbonyl intermediates and targets, an
FTIR spectra of select compounds were obtained and each molecule‟s COstretching frequencies can be viewed in Table A4. Generally, every Cpdisubstituted tricarbonyl species that had a combination of two methylenes (4
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and 24), a methine and a methyl (25), a methyl and a methylene (7 and 23) had
only two noticeable CO-stretching bands (with two bands possibly overlapping at
~1940 cm-1) at 2019 and 1940 cm-1. Interestingly, three CO-stretching bands
were noticed for each of the tricarbonyl species 6 (2030, 1957, and 1948 cm-1), 9
(2030, 1958, and 1946 cm-1), and 22 (2029, 1955, and 1948 cm-1) which were
disubstituted and having an electron-withdrawing acyl group. This may be the
result of two possibilities: the compounds having stereogenic enantiomers
and/or the carbonyl in the plane of the Cp-ring causing inorganic CO stretches to
change in vibrational frequency.43

TRIR spectroscopy of 4 and 10
The photolysis of 4 in n-heptane provides FTIR and TRIR data that mimics
previously-published data of 1.1 In Figure 17, the absorption at 1872 cm-1 (14) is
nearly a third of the absorption at 1882 cm-1 (13) at all time-delays between 5
and 1000 ns. Comparing Figures 16 and 17, despite the impurity of 24 present in
the solution probed in Figure 16 reactivity is almost identical at the ns time scale.
Since the heptyl chain of 4 is distant from the pendant side-arm, the pendant
methylene carbon is more capable of rotating than 10.
Similar TRIR studies were performed using tricarbonyl species 4 by the
group.44 Using a 3.80 mM solution of 4 in n-heptane, time-difference spectra of
10, 25, 50, 120, and 200 ns were obtained in 200 frames and 10 scans. The
data in Figure 22 shows that 13 forms in a greater abundance than 14 at the ns
timescale (similar observation in Figures 16 and 17), with spectra obtained at 25,
120, and 200 ns. The signal-to-noise ratio is improved with these studies, likely
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due to the greater concentration (3.80 mM versus 2.53 mM previously-described
in the Experimental Procedures section and greater pulse energies at 355 nm).

Figure 22. TRIR specta of 4 in n-heptane (3.80 mM, 355 nm pulses). Top to
bottom: -100, 10, 25, 50, 120, 200, 500, and 1000 ns.44
By observation of the data in Figure 18, it can be asserted that 16 forms
predominantly over 15 in a nanosecond timeframe following UV irradiation of 10
in n-heptane. The absorption at ~1878 cm-1 is the strongest in both the TRIR
and FTIR spectra, but a greater absorption at 1885 cm -1 is noticed in the
nanosecond data versus the low-temperature experiments (since the low
temperature can retard the decay/isomerization process but not the initial
formation of 15).
More data was collected for the UV-photolysis of 10 in n-heptane (3.90
mM), repeating time differences of 10, 50, 200, 500, and 1000 ns and collecting
spectra of a 100 ns time difference (Figure 23). In addition to reproducing the
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formation of 16 in greater abundance than 15 at the ns timescale using UV (266
nm) irradiation, an improved signal-to-noise ratio is observed.

Figure 23. TRIR specta of 10 in n-heptane (3.90 mM, 355 nm pulses). Top to
bottom: -100, 10, 50, 100, 200, 500, and 1000 ns.44
When the irradiated solutions of 4 (3.80 mM) and 10 (3.90 mM) in nheptane were irradiated to a majority of N-chelates 14 and 16, respectively, each
solution was then pumped with 532 nm pulses in time-resolved studies also
performed by the Burkey group.45
In Figure 24, the time-resolved IR spectra for the solution of 14/4 in nheptane of time differences -100, 10, 50, 100, 300, 500, and 1000 ns show that a
bleach at ~1872 cm-1 (14) and an absorbance at 1880 cm-1 (13) occur from the
visible (532 nm) irradiation of the solution. At the 10 ns timescale, a sine wavelike inflection at ~1875 cm-1 is noticed at ΔOD = 0. It is assumed that enough
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energy was contained in the visible pulses to break the Mn-N bond (14) and a
formation of an Mn-O bond (13) would follow.

Figure 24. TRIR spectra of 14/4 in n-heptane (<3.80 mM, 532 nm pulses)
recovered from photolysis of 4 from previous TRIR experiment (see Figure 21).
Top to bottom: -100, 10, 50, 100, 300, 500, and 1000 ns.45

In Figure 25, TRIR spectra for the solution of 16/10 in n-heptane of time
differences -100, 10, 50, and 300 ns show that a bleach at ~1878 cm-1 (16) and
an absorbance at ~1885 cm-1 (15) occur from the visible (532 nm) irradiation of
the solution. Similar sine wave-like inflections were noticed at ~1880 cm-1 only at
lower intensities of bleaching/absorption than what was noticed in Figure 24.
Despite having a higher concentration (<3.90 mM), the intensity of the pulse may
have been powerful enough to cleave the Mn-N bond (16) forming some 15 after
cleavage.
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Figure 25. TRIR spectra of 16/10 in n-heptane (<3.90 mM, 532 nm pulses)
recovered from photolysis of 10 from previous TRIR experiment (see Figure 22)
Top to bottom: -100, 10, 50, and 300 ns.45
Ambient- and low-temperature photolysis of 4 and 10
monitored via FTIR
In Figure 4, the FTIR spectra monitoring the rearrangement post-UV
photolysis of 4 in n-heptane shows that the O-chelate 13 predominantly forms
initially based on previous studies of the photolysis of 1.1 After 1 min irradiation
three absorption bands formed at 1942 (O-chelate, 13), 1880 (13) and 1872 (Nchelate, 14) cm-1. When the only chelate remaining in solution was 14
(according to the increasing absorption value at 1874 cm -1 from 0 to 10 min in
Table 1), a steadily-increasing absorbance was also noticed at 1935 cm-1.
Notice that both bleaches at 2019 and 1938 cm -1 remain constant after irradiation
and do not increase.
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A similar ratio of formed absorbances following photolysis of 4 in nheptane at -2 °C was observed (Figure 5). The ΔOD values in Table 2 suggest
that at 1882 cm-1 was 0.408 and 0.173 at 1874 cm-1 immediately after UV
irradiation with the ΔOD decreasing from 0.183 to 0.146 over a 5 h (18000 s)
period at 1874 cm-1 and a decrease of absorption from 0.408 to 0.050 at 1882
cm-1 over time. Note that all five of the bleach bands at 2031, 2020, 1961, 1948,
and 1938 cm-1 gain absorption over the course of time. This is to suggest that
starting material 4 is recovered by CO-diffusion which may interfere with
isomerization from 13 to 14.
In Figure 7, the FTIR spectra monitoring photolysis of 10 and formation of
15 to 16 in n-heptane show that the N-chelate 16 predominantly forms. After 1
min irradiation two absorption bands formed at 1885 (O-chelate, 15) and 1877
(N-chelate, 16) cm-1, the former decreasing from ΔOD = 0.017 to 0.013 and the
latter increasing from ΔOD = 0.129 to 0.170 (Table 4). A coinciding absorbance
between 0 and 5 min to 1887 cm-1 at 1940 cm-1 suggests that 16 has two
absorption bands increasing over time. Curiously, two of the three bleach bands
at 2024 and 1940 cm-1 decrease in absorption further ~0.040 ΔOD (1935 cm -1
remains relatively constant).
In Figure 8 (-2 °C), the ΔOD at 1886 and 1877 cm-1 was 0.402 and 0.731,
respectively, immediately after UV irradiation with the ΔOD decreasing at 1877
cm-1 to 0.654 and a decrease of absorption at 1886 cm-1 from ΔOD = 0.402 to
0.208 after 60 min (3600 s) equilibration time (Table 5). Since the final ΔOD
value for the absorption at 1877 cm-1 (0.65) was ~0.27 absorbance less than the
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expected total of ΔOD = 0.93, it can be deduced that CO cleaved from 10 were
ejected into the headspace of the IR cell and/or reformed 10 with some of the
molecules in transition from the O- to N-chelate. As the absorption at 1886 cm-1
decreased over time, an increasing absorption was noticed at 1939 cm-1 (from
ΔOD = 0.301 to 0.382 over the course of 3600 s or 1 h). Chelate assignments
were assumed by the similar absorbances formed post-photolysis of 4 in nheptane (1939 and 1877 cm-1 for 16, 1886 for 15; higher-energy bands than
noticed in Tables 3 and 4: 1942 and 1882 cm-1 for 13, and 1874 cm-1 for 14). An
expected coinciding band with 1886 cm-1 would appear at ~1946 cm-1, but an
expectedly low absorbance would be likely obscured by a bleach at 1948 cm-1.

Ambient temperature photolysis of 18 and 19 monitored via FTIR
After successfully synthesizing 18, the compound was dissolved in DMF
and irradiated with UV light. The tricarbonyl species exhibits four inorganic
carbonyl stretch bands at 2046, 2019, 1958, and 1935 cm-1 in the IR (Figure 10).
The extra band may be a result of a mixture of cis/trans isomers, as reported for
with diimine functional groups attached to phenyl groups of „half-sandwich‟,
metal carbonyls.46 After a total of 12.5 min irradiation, an absorption band is
noticed at 1842 cm-1. This may be a result of solvation. Oddly, two other bleach
bands form at 2050 and 1962 cm-1 after 6 min irradiation (see Figure 10),
continually bleached at a greater intensity after 10 min irradiation. The purpose of
this experiment was to see if any chelate would actually form upon photolysis.
Based on the acquisition times (~50 s) of the IR spectra, the detection may be
too late to interpret any significant spectroscopic activity. Furthermore, no
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change in color or any other qualitative parameter was observed throughout the
irradiation-collection process.
The experiment performed for the UV-irradiation of 19 in n-heptane
afforded inconclusive results (Figure 11) from the FTIR spectra collected. After
heating the solution (to dissolve solids) and subsequently cooling, some material
precipitated. Although it appeared that some of 19 had remained in solution, the
remaining crystals were not placed in the cell for analysis (and visually none
precipitated out prior to/after UV-irradiation). The tricarbonyl CO-stretching
bands were observed at 2031 and 1950 cm-1 continuing to bleach as irradiation
of the solution progressed. With no change in appearance (or spectroscopically)
occurring throughout 15 min of irradiation, it was determined that no chelate had
formed and that the bleach bands were a result of decomposed 19.
DMF was used as a medium which was optimal for dissolving but not for
observing any activity following the UV-irradiation of 19. In Figure 12, absorption
noticed at 1846 cm-1 after 8 min irradiation indicates that perhaps an acquisition
error had occurred. A comparison of ΔOD values The residual H2O in the DMF
solution may have also prohibited formation of a chelate, already having made
hydrogen bonds with lone pairs of the semicarbazone moiety.
The sole purpose of synthesizing the free ligand 20 was to assess any
adduct formed as a result of being photolyzed in the presence of 5 in n-heptane.
In Figure 13, throughout UV irradiation a bleach band is noticed at 1695 cm-1
presumably a bleach of organic carbonyl weak stretch likely caused by cis/trans
isomerization. There are also four other bleach bands at 2023, 2013, 1937, and
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1909 cm-1. This may mean that a depletion of 5 is observed with no portion of
the photolyzed species combining with the free ligand 20 to make chelate 21. No
material was recovered after the experiment was completed.

Kinetics of chelate rearrangement at low temperature via FTIR
By using the change in O-chelate absorbances (13 and 15 formed in situ
from irradiating 4 and 10, respectively, in n-heptane at -2 °C) rate constants (k271
K)

were determined by plotting at times (versus concentration, see Tables 3 and

6 for 13 and 15, respectively) where spectra were obtained. The calculated slope
for the decay of 13 (Figure 6, k = 1.6 x 10-2 s-1) upon formation after photolysis
which was slower than the decay of 15 (Figure 9, k = 1.2 x 10-3 s-1). A decay rate
for 13 versus 15 is a ratio of 13.2:1. The data used to calculate either slope for
the decay of 13 and 15 in Tables 15 and 16, respectively, showed a linear
relationship between absorbance values over time, based upon each plots‟ R2value (0.996022411 and 0.986223, respectively).

Table 15. Statistical analysis of the decay of 13 in n-heptane at -2 °C
Regression Statistics
Multiple R
0.998009224
R Square
0.996022411
Adjusted R Square
0.995856678
Standard Error
0.023260173
Observations
26
Formula
= 0.015717156x-0.079068651
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Table 16. Statistical analysis of the decay of 15 in n-heptane at -2 °C
Regression Statistics
Multiple R
0.993088
R Square
0.986223
Adjusted R Square
0.985362
Standard Error
0.039285
Observations
18
Formula
= 0.001191x-0.022554

Scheme 40. The scheme of 13 to 14 after photolysis of 4

When the decay of 15 (Scheme 39) is measured via FTIR at low
temperature, the process is faster than 13 by a factor of 13.2. Like the lowtemperature photolysis/rearrangement study of 4, the vessel containing the
solution of 10 in n-heptane was sealed resulting in 15 not completely isomerizing
to 16, a CO-ligand recombining to form 10 from diffusion, or decomposition had
occurred after photolysis.
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Scheme 41. The scheme of 15 to 16 after photolysis of 10

Low-temperature UV-Vis spectroscopy of photolyzed 4 and 10
The UV-Vis results (Figure 14) of the 4 in n-heptane solution at low
temperature after UV irradiation were expected to be consistent with the
analogous low temperature photolysis experiment monitored via FTIR. A
shoulder at 755 nm is likely representative of any concentration of O-chelate 13
formed after irradiation along with the λmax at 606 nm (visibly, the solution was
translucent light blue eventually changing to translucent light purple) changing to
579 after ~20 min equilibration. The shoulder representing 13 in solution at 755
nm was completely absent after 15 min equilibration.
The UV-Vis results of photolysis of the 10 in n-heptane solution at low
temperature expected to be consistent with the analogous low temperature
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photolysis experiment monitored via FTIR (see Figure 8. Note the solution
contained 26/27 for the UV-Vis experiment). In Figure 15, a barely present
shoulder at 725 nm is likely representative of any concentration of 15 formed
after irradiation. The maximum absorption at 558 nm means that the absorption
is in the yellow region emitting in the violet region (evident from the translucent
purple solution after irradiation) which remained constant. The predominant
absorption of the N-chelate 16 obscures any λmax consistent with 15 (higher in
wavelength).
The predominant formation of the N-chelate 16 after photolysis of 10
suggests the bulk of the alkyl chain pendant must place the 2-pyridinyl nitrogen
closer toward the metal center (since orientated cis- to one another) than the
pendant 2-pyridinyl group nitrogen of 1 or 4.
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Chapter V
Conclusions

The chief application of the alkylated, potentially-photochromic systems 14
and 16 was accomplished. Attaching an alkyl chain seven carbons in length to 1
to form 4 and 10 was necessary to ensure precipitation of an N-chelate 3 in an nheptane medium was avoided for TRIR purposes. Both tricarbonyl targets 4 and
10 were synthesized in low yield. Side reactions (and by-products) were averted
by doing multiple work-up steps (5) or by using steric leverage to acylate the Cpring (4). Fortunately, the low-yield ketal formation step (8) was unnecessary to
form 4 by a simple rearrangement of synthetic steps.
Interestingly, the photolysis of 4 and 10 individually showed that there is
an inverse distribution of O- to N-chelates (13 to 14 and 15 to 16, respectively)
after UV light is applied to the tricarbonyls in n-heptane. This opposite
distribution was noticed at the ns as well as the min timescale. The distribution
of O- to N-chelate initially formed upon irradiation appears independent of the
rate of isomerization from O- to N-chelate (or CO-recombination). Further
studies of an IR chamber purged with inert gas at low temperature could better
determine an isomerization (if any) without competition of a CO recombining with
the Mn center.
Although synthesized in moderate yield, the semicarbazones 18 and 19
have shown no photochromic properties or linkage isomerization based on the
FTIR data acquired. Based on previously-investigated hydrazone analogs,
following photolysis of the tricarbonyl a possible hydride shift at the N-N bond
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may force any potential Mn-N chelate to be unstable (thus leading to
decomposed material or recombination with a free CO molecule).20
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Appendices

Table 1: Table of compounds
Compound
1

IUPAC name and molecular formula
tricarbonyl[ε5-(2-oxo-2-(pyridine-2-yl)ethyl)
cyclopentadienyl]manganese(I)
Mn[ε5-C5H3CH2CO(2-py)](CO)3

2

dicarbonyl[ε5-{2-oxo-2-(pyridine-2-yl-κO)ethyl}cyclopentadienyl]manganese(I)
Mn[ε1:ε5-C5H4CH2CO(2-py κ-O)](CO)3

3

dicarbonyl[ε5-{2-oxo-2-(pyridine-2-yl-κN)ethyl}cyclopentadienyl]manganese(I)
Mn[ε1:ε5-C5H4CH2CO(2-py κ-N)](CO)3
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Table 1: Table of compounds
Compound
4

IUPAC name and molecular formula
tricarbonyl[ε5-β-heptyl(2-oxo-2-(pyridin-2yl)ethyl)cyclopentadienyl]manganese(I)
Mn[ε5-C5H3(β-C7H15)CH2CO(2-py)](CO)3

5

tricarbonyl[ε5- methylcyclopentadienyl]
manganese(I)
Mn[ε5-C5H4CH3](CO)3

6

tricarbonyl[ε5-β-heptanoyl
methylcyclopentadienyl] manganese(I)
Mn[ε5-C5H3({CO}C6H13)(β-CH3)](CO)3

7

tricarbonyl[ε5-heptyl(βmethyl)cyclopentadienyl] manganese(I)
Mn[ε5-C5H3(β-C7H15)CH3](CO)3
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Table 1: Table of compounds
Compound
8

IUPAC name and molecular formula
tricarbonyl[ε5-1,3-dioxolane-1-hexyl-(βmethyl) cyclopentadienyl]manganese(I)
Mn[ε5-C5H3(C{OCH2CH2O}C6H13)(βCH3)](CO)3

9

tricarbonyl[ε5-(β-heptanoyl)(2-oxo-(pyridine2-yl)ethyl) cyclopentadienyl]manganese(I)
Mn[ε5-C5H3(β-COC6H15)CH2CO(2-py)](CO)3

10

tricarbonyl[ε5-(1-heptyl-2-oxo-2-{pyridine-2yl}ethyl)cyclopentadienyl]manganese(I)
Mn[ε5-C5H4CH(C7H15)CO(2-py)](CO)3

Tricarbonyl[ε5cyclopentadienyl]manganese(I)

11

Mn[ε5-C5H5](CO)3
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Table 1: Table of compounds
Compound
12

IUPAC name and molecular formula
tricarbonyl[ε5octylcyclopentadienyl]manganese(I)
Mn[ε5-C5H4(C8H17)](CO)3

13

dicarbonyl[ε5-{2-oxo-2-(pyridine-2-yl-κO)ethyl}βheptylcyclopentadienyl]manganese(I)
Mn[ε1:ε5-C5H3(β-C7H15)CH2CO(2-py κO)](CO)3

14

dicarbonyl[ε5-{2-oxo-2-(pyridine-2-yl-κN)ethyl}βheptylcyclopentadienyl]manganese(I)
Mn[ε1:ε5-C5H3(β-C7H15)CH2CO(2-py κN)](CO)3

15

dicarbonyl[ε5-(1-heptyl-2-oxo-2-(pyridine-2yl-κ-O)ethyl)cyclopentadienyl]manganese(I)
Mn[ε1:ε5-C5H4CH(C7H15)CO(2-py-κO)](CO)2
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Table 1: Table of compounds
Compound
16

IUPAC name and molecular formula
dicarbonyl[ε5-(1-heptyl-2-oxo-2-(pyridine-2yl-κ-N)ethyl)cyclopentadienyl]manganese(I)
Mn[ε1:ε5-C5H4CH(C7H15)CO(2-py-κN)](CO)2

tricarbonyl[ε5-carboxaldehyde
cyclopentadienyl]manganese(I)

17

Mn[ε5-C5H4CHO](CO)3

18

tricarbonyl[ε5-(Z)-carboxaldesemicarbazone
cyclopentadienyl]manganese(I)
Mn[ε5-C5H4(C2H4N3O)](CO)3
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Table 1: Table of compounds
Compound

IUPAC name and molecular formula

19

tricarbonyl[N2-heptyl
carboxaldehydesemicarbazone
cyclopentadienyl]manganese(I)
Mn[ε5-C5H4(C9H18N3O)](CO)3

20

2-heptanone semicarbazone
CH3C(CH3N3O)C5H11

21

tricarbonyl(2-heptanone
semicarbazone)(Methylcyclopentadienyl)
Manganese(I)
Mn[ε5-C5H4CH3](CH3C{CH3N3O}C5H11)
(CO)2
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Table 1: Table of compounds
Compound
22

IUPAC name and molecular formula
tricarbonyl[ε5-α-heptanoyl
methylcyclopentadienyl] manganese(I)
Mn[ε5-C5H3({CO}C6H13)(α-CH3)](CO)3

23

tricarbonyl[ε5-heptyl(αmethyl)cyclopentadienyl] manganese(I)
Mn[ε5-C5H3(C7H15)(α-CH3)](CO)3

24

tricarbonyl[ε5-α-heptyl(2-oxo-2-(pyridin-2yl)ethyl) cyclopentadienyl]manganese(I)
Mn[ε5-C5H3(α-C7H15)CH2CO(2-py)](CO)3
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Table 1: Table of compounds
Compound
25

IUPAC name and molecular formula
tricarbonyl[ε5-(1-oxo-1-(pyridine-2-yl)heptyl)β-methylcyclopentadienyl]manganese(I)
Mn[ε5-C5H3CH{CO(2-py)}C6H13(β-CH3)]CO3

26

tricarbonyl[ε5-(E)-2-(heptyloxy)-2-(pyridin-2yl)vinylcyclopentadienyl]manganese
Mn[ε5-C5H4CHC(OC7H15)(2-py)](CO)3

27

tricarbonyl[ε5-(Z)-2-(heptyloxy)-2-(pyridin-2yl)vinylcyclopentadienyl]manganese
Mn[ε5-C5H4CHC(OC7H15)(2-py)](CO)3
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Table 1: Table of compounds
Compound
28

IUPAC name and molecular formula
tricarbonyl[ε5-(Z)-1-heptyl-2-heptoxyl-2(pyridin-2yl)vinylcyclopentadienyl]manganese
Mn[ε5-C5H4C(C7H15)C(OC7H15)(2-py)](CO)3

29

tricarbonyl[ε5-(E)-1-heptyl-2-heptoxyl-2(pyridin-2yl)vinylcyclopentadienyl]manganese
Mn[ε5-C5H4C (C7H15)C(OH)(2-py)](CO)3

30

tricarbonyl[ε5-(1-oxo-1-(pyridine-2-yl)heptyl)α-methylcyclopentadienyl]manganese(I)
Mn[ε5-C5H3CH{CO(2-py)}C6H13(α-CH3)]CO3
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Table A2. 1H NMR shifts of alkylated targets and precursors obtained in CDCl3 (ppm)
alkyl chain
Cp
Py
δ
β
α
Cmpd CH3 -(CH2)4- CH2
CH2
2345CHn
345- 64.20a
1
4.85 4.69 4.69 4.85
8.07 7.86 7.51
8.70
a
4.09
4
0.81
1.19
1.41
2.15
4.68
4.47 4.68
8.00 7.79 7.45
8.64
1.30b
2.00c
6
0.87
1.66
2.58
5.25
4.68 5.33
c
1.90
7
0.86
1.26
1.45
2.24
4.44
8f
1.91c
0.85
1.19
1.73
4.83
4.40 4.75
b
a
1.31
4.23
9
0.87
1.65
2.56
4.96
5.53 5.37
8.08 7.87 7.52
8.71
1.18 d
5.07e
10
0.78
2.00, 1.65 4.80
4.49
4.94
8.07 7.79 7.42
8.65
g
1.18
12
0.86
1.48
2.23
4.60
14 h
1.24b
0.90
1.74
4.34
- 3.34 4.44
2.88,
7.05 6.46 5.78
8.72
2.72a
b
1.24
3.21c
16
0.84
1.24
1.80
5.00 3.83 3.71 4.61
7.37 7.54 6.89
8.84
1.30b
2.26e
22
0.87
1.66
2.58
4.70 4.64 5.26
a
4.09
24
0.81
1.21
1.41
2.15
4.56 4.68 4.77
8.00 7.79 7.45
8.64
1.19b
25
0.78
1.98/1.65 4.80
4.36 4.65 1.85/1.82e, 5.02c 8.07 7.79 7.43
8.66
a
b
c
d
methylene substituent (n = 2), ε, δ, and γ methylenes only, methine substituent (n = 1), includes β methylene,
e
g
methyl substituent (n = 3), falso includes diastereotopic protons at 3.94 and 4.11 for -OCH2CH2O-,
ε, δ, ε, δ,
h
and γ methylenes only, obtained in toluene-d8
Table A3. 1H NMR shifts of semicarbazone series obtained in DMSO-d6 (ppm)
alkyl chain
Cp
side arm
β
α
Cmpd
CH3
(CH2)4 (CH2)2 CH2
CH2
2345- (CO)NH2 H-C=N H-NN(CO)
9.62b
17a
5.47 4.94 4.94 5.47
18
5.64 5.09 5.09 5.64
6.48
10.3
7.45
19
0.86
1.24
1.38
3.76 5.70 5.09 5.09 5.70
6.74
7.35
20
0.86, 1.74
1.25 1.45
2.13
6.16
8.87
a
Obtained in CDCl3, bH-C=O substituent

129

Figure A1. 1HNMR (270 MHz, CDCl3) spectrum and structural assignments of
22

Figure A1. 4.5-5.5 ppm expansion

130

Figure A1. 0-3 ppm expansion

Figure A2. 1HNMR (270 MHz, CDCl3) spectrum and structural assignments of 6

131

Figure A2. 4.5-5.5 ppm expansion

Figure A2. 0-3 ppm expansion

132

Figure A3. 1HNMR (270 MHz, CDCl3) spectrum and structural assignments of 7

Figure A3. 5-4 ppm expansion

Figure A3. 2.5-0 ppm expansion

133

Figure A4. 1HNMR (270 MHz, CDCl3) spectrum and structural assignments of 7
and 23

Figure A4. 1.5-5 ppm expansion

134

Figure A4. 0.5-3 ppm expansion

Figure A5. 1HNMR (270 MHz, CDCl3) spectrum and structural assignments of 8

135

Figure A6. 1HNMR (270 MHz, CDCl3) spectrum and structural assignments of 1

Figure A6. 7-9 ppm expansion

136

Figure A6. 4-5 ppm expansion

Figure A7. 1HNMR (270 MHz, CDCl3) spectrum and structural assignments of 9

137

Figure A7. 7-9 ppm expansion

Figure A7. 4-6 ppm expansion

Figure A7. 0-3 ppm expansion

138

Figure A8.
of 9

13

CNMR (270 MHz, DMSO-d6) spectrum and structural assignments

Figure A8. 250-100 ppm expansion

Figure A8. 110-80 ppm expansion

139

Figure A8. 50-0 ppm expansion

140

Figure A9. 1HNMR (270 MHz, CDCl3) spectrum and structural assignments of 4
and 24

141

Figure A9. 7-9 ppm expansion

Figure A9. 4-5 ppm expansion

142

Figure A9. 0-3 ppm expansion

d

Figure A10. 1HNMR (270 MHz, CDCl3) spectrum and structural assignments of
4

Figure A10. 7-9 ppm expansion

143

Figure A10. 4-5 ppm expansion

Figure A10. 0-3 ppm expansion

144

Figure A11. 13CNMR (270 MHz, benzene-d6) spectrum and structural
assignments of 4

Figure A11. 160-90 ppm expansion

145

Figure A11. 100-70 ppm expansion

Figure A11. 50-0 ppm expansion

146

Figure A12. 1HNMR (270 MHz, CDCl3) spectrum and structural assignments of
25

Figure A12. 7-9 ppm expansion

147

Figure A12. 4-6 ppm expansion

148

Figure A12. 0-2.5 ppm expansion

Figure A13. 1HNMR (270 MHz, toluene-d8) spectrum and structural
assignments of 14

149

Figure A13. 5-9 ppm expansion

Figure A13. 3-5 ppm expansion

150

Figure A13. 1.5-3 ppm expansion

Figure A13. 0-1.5 ppm expansion

151

Figure A14. 13CNMR (270 MHz, toluene-d8) spectrum and structural
assignments of 14

Figure A14. 200-120 ppm expansion

152

Figure A14. 120-70 ppm expansion

Figure A14. 40-0 ppm expansion

153

Figure A15. 1HNMR (270 MHz, CDCl3) spectrum and structural assignments of
12

Figure A15. 4.7-4.5 ppm expansion

154

Figure A15. 2.5-0 ppm expansion

Figure A16. 1HNMR (500 MHz, CDCl3): spectrum and structural assignments of
10

155

Figure A16. 9-7 ppm expansion

Figure A16. 5.5-4 ppm expansion

156

Figure A16. 2.5-0.5 ppm expansion

b

157

c

Figure A17.
10

13

CNMR (500 MHz, CDCl3) spectrum and structural assignments of

Figure A17. 230-120 ppm expansion

158

Figure A17. 110-80 ppm expansion

Figure A17. 50-0 ppm expansion

159

Figure A18. 1HNMR (270 MHz, CDCl3) spectrum and assignments of 10, 26,
and 27

Figure A18. 7-9 ppm expansion

160

Figure A18. 4-6 ppm expansion

b

Figure A18. 0-3 ppm expansion

161

c

Figure A19. 1HNMR (270 MHz, CDCl3) spectrum and structural assignments of
28 and 29

Figure A19. 6-9 ppm expansion

162

Figure A19. 3-6 ppm expansion

Figure A19. 0-3 ppm expansion

163

Figure A20. 1HNMR (270 MHz, CDCl3) spectrum and structural assignments of
16

Figure A20. 6-9 ppm expansion

164

Figure A20. 3-6 ppm expansion

Figure A20. 0-3 ppm expansion

165

Figure A21. 13CNMR (270 MHz, DMSO-d6) spectrum and structural
assignments of 16

Figure A21. 240-150 ppm expansion

166

Figure A21. 150-70 ppm expansion

Figure A21. 50-0 ppm expansion

167

Figure A22. 1HNMR (270 MHz, CDCl3) spectrum and structural assignments of
17

Figure A23. 1HNMR (270 MHz, DMSO-d6) spectrum and structural assignments
of 18

168

Figure A24. 13CNMR (270 MHz, DMSO-d6) spectrum and structural
assignments of 18

Figure A25. 1HNMR (270 MHz, DMSO-d6) spectrum and structural assignments
of 19

169

Figure A25. 5-8 ppm expansion

Figure A25. 0-4 ppm expansion

170

Figure A26. 13CNMR (270 MHz, DMSO-d6) spectrum and structural
assignments of 19

Figure A26. 90-80 ppm expansion

171

Figure A26. 50-0 ppm expansion

Figure A27. 1HNMR (270 MHz, DMSO-d6) spectrum and structural assignments
of 20

172

Figure A27. 5-9 ppm expansion

Figure A27. 0-3 ppm expansion

173

Figure A28. 13CNMR (270 MHz, DMSO-d6) spectrum and structural
assignments of 20

Table A4. FTIR CO-stretch frequencies of CpMn(CO)3-derived complexes
compound
structure
wavenumber (cm-1)
solvent
n-heptane
1
2024, 1943

4

2020, 1937

n-heptane

6

2030, 1957

n-heptane
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wavenumber (cm-1)
2020, 1942

solvent
n-heptane

9

2030, 1958, 1946

n-heptane

10

2024, 1943

n-heptane

14

1940. 1872

n-heptane

16

1939, 1878

n-heptane

compound
7

structure

175

wavenumber (cm-1)
2046, 2019, 1958,
1842

solvent
DMF

2031, 1950

n-heptane

2018, 1931

DMF

22

2029, 1955, 1948

n-heptane

23

2019, 1938

n-heptane

24

2020, 1941

n-heptane

compound
18

structure

19

176

compound
25

wavenumber (cm-1)
2019, 1942

structure

177

solvent
n-heptane

